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ABSTRACT 
Late Cenozoic Evolution of Aridity and C4 Vegetation 
 in North Africa 
Cassaundra A. Rose 
 
Northern Africa has experienced major shifts towards aridity and extensive C4 vegetation 
over the late Cenozoic, but due to a scarcity of spatially and temporally extensive 
paleoenvironmental records, the timing, patterns, and causes of these shifts are still under debate. 
Both long-term aridification and large amplitude orbital-scale climate variability have been 
recognized, with little understanding of how these two patterns relate to each other over time. 
African’s climate and environmental history of the last 7 Myr is of particular interest because 
hydrological and vegetation variability is considered the driving selection mechanism for human 
evolution. In addition, the age of the initiation of desert conditions in the modern Sahara desert, 
Earth’s largest warm desert and the largest source of dust to the modern atmosphere, is unknown.  
The stable isotope ratios of carbon and hydrogen in sedimentary plant leaf wax biomarker 
compounds have recently been shown to quantitatively track source vegetation photosynthetic 
pathways and the hydrogen isotope composition of plant source water, which is dominantly 
controlled by the amount of precipitation in Africa. These proxies have been applied to 
reconstruct long-term vegetation changes in East Africa and SW Africa over the last 14 Ma, as 
well as orbital-scale variability from various locations around the African continent, but they 
have not been extended further back in time or combined in tandem to robustly assess both long-
term and orbital-scale climate and vegetation variability and how they relate to each other.  
In this thesis, I have utilized quantitative plant leaf wax stable isotope proxies to examine 
both orbital-scale and long-term changes in North African aridity and vegetation from a variety 
of regions over the last 25 Ma, with particular emphasis on the last 4.5 Ma. In Chapter 2, I 
investigated the evolution of hydrological and vegetation gradients from the equator to the sub-
Sahara in NW Africa over the last 25 Myr using leaf wax stable isotopes at two marine sediment 
core locations, producing the longest existing leaf wax stable isotope record in Africa to my 
knowledge, and one of the longest such records globally. In this study I found that NW African 
environments were remarkably similar at both latitudes from 25 – 10 Ma, but at 10 Ma C4 
vegetation abruptly expanded in the north, indicating sudden aridification in the Sahara region at 
that time. The hydrogen isotope record was stable long-term, with variability similar to that of 
known orbital-scale cyclicity in the Pliocene and Pleistocene, possibly suggesting that orbital-
scale cyclicity or other factors obscured or were larger than any long-term changes in the 
hydrogen isotope ratio of precipitation. Saharan aridification at 10 Ma is consistent with climate 
model predictions of aridity due to the closure of the Tethys Seaway connection between the 
Indian Ocean and Mediterranean Sea near that time. The 10 Ma expansion in C4 vegetation is 
earlier than most other regions globally. 
To examine long-term changes in orbital-scale variability in the Eastern Sahara and 
Mediterranean Sea, I constructed a record of eastern Mediterranean sedimentary leaf wax carbon 
and hydrogen isotopes, leaf wax abundance, lignin biomarkers, and oxygen isotope ratios of 
planktonic foraminifera G. ruber during two 100-kyr periods of equal eccentricity near 3.0 and 
1.7 Ma (Chapter 3). I found that precession-scale variability dominates the record during both 
periods, and Eastern Saharan precipitation and the vegetation assemblage, which was C4-
dominated, do not change on average between the two periods.  
Chapter 4 extended the eastern Mediterranean record of Chapter 3 by sampling leaf wax 
stable isotopes in sapropel sediments (deposited during North African humid periods) at ~0.25 
Myr resolution back to 4.5 Ma, placing the orbital-scale Chapter 3 results in long term context. I 
found that Eastern Saharan environments were persistently C4-dominated (>68%) throughout the 
entire interval, and that long-term hydrogen and carbon variability were similar in magnitude to 
orbital-scale cycles back to 4.5 Ma, strongly indicating that orbital-scale variability has been the 
dominant environmental control in NE Africa since the early Pliocene. This record contrasts 
sharply with observations of a transition from C3-C4 mixed vegetation to abundant C4 grasslands 
in East Africa over the same period of time. The results may suggest that long-term precipitation 
shifts did not occur in NE Africa since the Pliocene, or that the resolution of this approach is not 
sufficient to detect long-term shifts. It is likely that NW Africa also experienced similarly large 
hydrological variability over the same period of time, which may explain the unclear long-term 
hydrological signal in Chapter 2. The results emphasize that East Africa has not been 
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Chapter 1  
Introduction to African Paleoclimate and Human 
Evolution 
1.1 Importance of Africa’s Climate and Vegetation History 
The study of how humans have been impacted by their environment is a fascinating topic of 
research that spans timescales from the dawn of the hominin line in Africa over 7 million years 
ago (Ma) to ongoing migration and conflict due to climate stressors today (Brunet et al., 2002; 
Kelley et al., 2015). Two key environmental variables that are thought to have strongly 
influenced hominin evolution are water availability and vegetation cover, which are tightly 
coupled in northern Africa (Still and Powell, 2010). Both long-term aridification and large 
amplitude orbital-scale hydrological and vegetation cyclicity have been observed throughout 
North Africa since the Miocene. The earliest studies of hominin evolution generally assumed that 
hominins evolved in persistently dry, unchanging savannah grasslands (the Savannah 
Hypothesis, e.g., Dart, 1925), but in recent decades an alternative hypothesis has arisen that 
points to increasing amplitudes of orbital-scale (10 – 100 kyr) climatic and vegetation variability 
in Africa since the Pliocene as the dominant selective influence on hominin evolution (the 
Variability Selection Hypothesis, e.g., Potts, 1996).  
Savannah grasslands in Africa today are dominated by the presence of “C4” grasses.  
Modern plants in general primarily utilize two photosynthetic pathways: the C3 (Calvin-Benson 
metabolism) and C4 (Hatch-Slack metabolism) pathways, terms that refer to 3- and 4-carbon acid 
compounds that are the first products of carbon fixation in the respective pathways (Furbank and 
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Taylor, 1995). C3 plants are comprised of trees, shrubs, and cool season grasses, whereas 
monocotyledon warm season grasses and sedges dominate C4 plants (Sage et al., 2011). C4 plants 
possess special biogeochemical and physiological adaptations that concentrate CO2 to high 
partial pressures within an inner “bundle sheath” cell and minimize deleterious photorespiration, 
conferring an advantage over C3 plants in low CO2, high temperature, and high light conditions 
(Ehleringer, 2005; Furbank and Taylor, 1995). The different pathways produce distinct, 
characteristic carbon isotope ratios in plant tissues, with C3 plants an average of 8 – 10‰ more 
negative than C4 plants.  This adaptation has allowed C4 plants to dominate seasonally arid, hot 
subtropical and tropical grasslands and savannas, with over 80% of the primary productivity 
accounted for by such plants in those environments (Sage, 2001; Sage et al., 2012). C4 plants 
comprise up to 100% of the sub-Saharan vegetation fringe, and are a good modern proxy for the 
boundaries of the Saharan desert (Still et al., 2003). C4 savanna in Africa today is primarily 
constrained by rainfall amount and seasonality (Lehmann et al., 2011).  
One of the most significant ecological events in Africa in the late Cenozoic was the 
expansion of C4 vegetation in the late Miocene. Carbon isotope ratios recorded in soil 
carbonates, mammal teeth, and plant biomarkers document the presence of C4 vegetation on the 
Northern African landscape beginning 11 – 10 Ma, and show major increases in C4 vegetation 
between 6 – 8 Ma (Cerling et al., 1997; Levin, 2013; Uno et al., 2011; Wynn, 2004). East Africa 
had mixed C3-C4 vegetation until ~4 – 3.5 Ma (Feakins et al., 2013), but then underwent a major 
shift towards widespread C4 grasslands in response to regional aridification (deMenocal, 2004; 
Levin, 2015). The East African C4 grassland expansion and associated aridification would have 
significantly affected early hominin environments through fragmentation of woodland habitats 
	 3	
and impacts on water resources, but the cause(s) and pattern of this environmental shift are still 
heavily debated (Cane and Molnar, 2001; deMenocal, 2004; Levin, 2015; Trauth et al., 2009).  
To test these hypotheses of hominin evolution against the fossil record, it is vitally 
important to have well-dated, quantitative records of African environments that document both 
long-term changes in African climate and vegetation and the amplitude of orbital-scale 
variability over time (Levin, 2015). Such records are available for the high latitudes going back 
to the early Cenozoic (Lisiecki and Raymo, 2005; Zachos et al., 2008), but few records 
document tropical African environments at similar resolution and timescales (deMenocal, 1995; 
Emeis et al., 2000; Larrasoaña et al., 2013; Tiedemann et al., 1994). An enduring problem with 
most available African climate proxy records is that they are not strictly quantitative recorders of 
climate variability, can be indistinguishable from changes in transport or diagenesis, or they do 
not linearly track climatic shifts (Emeis et al., 2000; Gallego-Torres et al., 2010; McGee et al., 
2010). Combined with a scarcity of well-dated, high accumulation, long records, these 
challenges have made it difficult to understand the nature of secular and orbital-scale African 
climatic variability over timescales relevant to human evolution.    
1.2 Outstanding Questions in African Paleoclimate and Objective of 
this Dissertation 
Several outstanding questions in the African paleoclimate field remain the object of active 
research. These questions include the timing and cause of initial aridification in the present 
Sahara Desert; the timing and pattern of spreading C4 vegetation throughout Africa in the late 
Miocene; the cause(s) of East African aridification and the rise of C4-dominated East African 
grasslands between ~3.5 – 2 Ma; and the relationship between large-amplitude orbital-scale 
climate and vegetation variability and long-term, secular climate shifts, particularly since the 
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Pliocene. These questions regard a number of climatic and vegetation events in North Africa that 
are thought to have significantly affected African faunal and human evolution as well as 
migration events out of and into Africa (Bobe et al., 2002; Castañeda et al., 2009a; Cerling, 
1992; Larrasoaña et al., 2013; Levin, 2015; Ségalen et al., 2007).  
The objective of this dissertation work is to quantitatively reconstruct changes in African 
climate and environments over the late Cenozoic (after 25 Ma) in order to examine the 
relationship between orbital-scale and long-term hydrological and vegetation variability, 
determine the timing of major aridification events across northern Africa, and to address some of 
the major questions in African paleoclimate listed above. To do this, I have taken advantage of 
recent developments in analyzing the stable isotopic composition of carbon and hydrogen in lipid 
biomarkers originating from vascular plants to quantitatively reconstruct African vegetation and 
precipitation, in combination with traditional foraminifera stable isotope geochemistry and 
existing sedimentological and climate data (T. I. Eglinton and G. Eglinton, 2008; Sachse et al., 
2012). This thesis is unique and useful to the field of African paleoclimate in that it provides 
quantitative measures of hydrological and vegetation variability on both orbital-scale and multi-
million year timescales, combining two sampling approaches that are usually conducted 
independently of each other, to robustly test hypotheses of African climate and environmental 
change proposed by previous workers. The research presented here will provide useful data to 
help determine controls on African environments over time, mechanisms for long-term climate 
and vegetation shifts, and context for analyzing selection pressures on hominin evolution.  
This thesis begins with a study of the timing of the initiation of desert conditions in the 
Sahara, by reconstructing vegetation and hydrological gradients from the equator to the present 
sub-Sahara (0 – 18°N) from Atlantic marine sediments off the Northwest African margin at cores 
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ODP Sites 659 and 959 (Figure 1.1) at low resolution between 0 – 25 Ma (Chapter 2). I found 
that NW African vegetation was C3-dominated, with a small vegetation gradient indicative of a 
small hydrological gradient between the equator and Sahara, from 25 – 10 Ma, but at 10 Ma the 
Saharan belt experienced an abrupt, large increase in C4 vegetation, which likely gradually 
spread southward towards the equator (Chapter 2). C4 vegetation eventually reached over 70% in 
the Sahara region by 1 Ma, with a small decline to 55% towards the present. The abrupt spread in 
C4 vegetation at 10 Ma is highly consistent with an abrupt aridification, and I interpreted this to 
indicate the initiation of the arid conditions in the Sahara, or the maximum age of the Sahara 
desert. Hydrogen isotopes did not show variability or significant long-term shifts larger than 
orbital-scale variability, suggesting that orbital-scale precession cyclicity in precipitation may 
dominate long-term leaf wax hydrogen isotope records in Africa. NW Africa’s shift towards 
abundant C4 plants occurred at a similar time as East Africa but much earlier than other regions 
such as India and the Himalayan foothills, suggesting that North Africa as a whole may have 
transitioned early towards more open, arid conditions. Saharan aridification at 10 Ma agrees well 
with a recent prediction by a climate modeling study that North African precipitation decreased 
and became more sensitive to orbital forcing after the Tethys Seaway connection between the 
Mediterranean and Indian Ocean closed between 11 – 7 Ma, making the Tethys Seaway closure 
the likely mechanism for the Sahara Desert initiation (Zhang et al., 2014).  
Next, I investigated orbital-scale African climate, vegetation, and Mediterranean Sea 
variability by sampling eastern Mediterranean marine sediment core ODP Site 967 (Figure 1.1) 
during two comparable 100-kyr eccentricity cycles near 3.0 and 1.7 Ma (Chapter 3), 
reconstructing potential long-term changes in the African summer monsoon response to orbital 
forcing and associated responses in vegetation and river runoff into the Mediterranean Sea. I 
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observed that Northeast African (Eastern Saharan) precipitation and vegetation showed very 
strong precession control on orbital timescales (high correlation with each other) and that NE 
African vegetation was C4-dominated as early as 3.12 Ma, but no significant long-term 
aridification or shifts in vegetation composition over time, which greatly contrasts with abundant 
indicators of aridification and spreading C4 vegetation in East Africa over the same period of 
time. The Mediterranean Sea, by contrast, shows strong salinity variability during both periods 
but also exhibits high amplitude temperature-influenced variability during the Pleistocene 
interval. These results imply that East Africa is not representative of a pan-African 
environmental shift after 3.5 Ma.  
The results from Chapter 3 made clear that a systematic comparison of both long-term 
and orbital-scale hydrological and vegetation variability was warranted to determine the Eastern 
Sahara’s vegetation history and the magnitude of hydrological variability at multiple timescales. 
In Chapter 4, I reconstructed precipitation and vegetation during North African humid periods by 
sampling eastern Mediterranean sapropel sediments from ODP Sites 966 and 967 (Figure 1.1) at 
low resolution (~0.25 Myr) back to 4.5 Ma, and compared the results with previously collected 
orbital-scale data (Chapter 3). This study found that Eastern Saharan vegetation has been C4-
dominated since at least 4.5 Ma, again in contrast with East Africa’s vegetation history; that 
precipitation has been persistently low since the early Pliocene with no significant long-term 
shifts; and that long-term vegetation and hydrological variability are uncorrelated with each other 
and with eccentricity forcing. Precession forcing appears to have been the dominant pacemaker 
of Northeast African climate and vegetation since 4.5 Ma. This conclusion helps to explain the 
unclear long-term hydrogen isotope variability found in Chapter 2, where orbital-scale 
hydrological variability may have also obscured long-term shifts. This study reinforces the 
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conclusion from Chapter 3 that East Africa’s major C4 expansion and aridification after 3.5 Ma 
was a regional phenomenon, and not a representative example of pan-African environmental 
shifts after 4.5 Ma.  
1.3 Figure Captions 
Figure 1.1 Modern vegetation cover of Africa (White, 1983) and marine sediment core locations 
utilized in this dissertation. Vegetation transitions from C3 tree-dominated rainforest near the 
equator (“Forest”) to C4 grass-dominated savannah grassland and semi-desert vegetation near the 
southern border of the Sahara Desert, and sparse desert vegetation in the eastern Sahara. 















Chapter 2  
A Late Miocene Age for the Sahara Desert1 
1Authors: Cassaundra Rosea*, Pratigya Polissarb, Peter deMenocala,b, Samuel Phelpsa 
aDepartment of Earth and Environmental Sciences, Columbia University, New York, NY 10027 
bLamont-Doherty Earth Observatory, Palisades, NY 10964 
*Corresponding author: crose@ldeo.columbia.edu  
 
2.1 Abstract 
The age of the Sahara Desert is the subject of extensive debate, with multiple estimates ranging 
from 2.5 to over 7 Ma (Kroepelin, 2006; Schuster, 2006; Vignaud et al., 2002). Here, we 
investigate when the first persistently arid conditions were initiated in the late Cenozoic Sahara 
using a 25 Myr record of leaf wax carbon and hydrogen isotope composition (δ13Cwax and δDwax) 
from two marine sediment cores off the western Sahel/sub-Sahara and equatorial West Africa 
(Ocean Drilling Program Sites 659 and 959). Together these new records show that arid-adapted 
C4 vegetation expanded abruptly in the Sahara region near 10 Ma and gradually spread 
southward towards the equator, consistent with sudden aridification in the Sahara. Prior to 10 
Ma, δ13Cwax estimates from the Sahara and equatorial regions are both more negative and similar 
to each other, indicating a C3-dominated (probably wooded) environment across NW Africa. 
After 1 Ma, Saharan C4 vegetation declines in abundance from a peak value of 69% to 55% near 
the Holocene. Slightly negative long-term changes in δDwax are observed, but corrections for 
vegetation changes reveal no long-term shift in Saharan δD, with variability of similar 
magnitude to observed orbital-scale δDwax fluctuations. The timing of NW Africa’s C4 expansion 
is similar to observations of vegetation shifts in East Africa but earlier than C4 expansions in SW 
Africa, India, and the Siwaliks of Pakistan, and highly consistent with predictions of Saharan 
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aridification due to the closure of the Tethys Seaway connection between the Mediterranean and 
Indian Ocean basins during the Tortonian stage (7 – 11 Ma) (Zhang et al., 2014). We propose 
that the Sahara Desert began transitioning towards hyper-aridity beginning at 10 Ma.   
2.2 Introduction 
The Sahara desert, one of Earth’s largest deserts and most extreme environments, dominates 
North Africa today. It is the largest source of dust to the atmosphere, which is a primary source 
of nutrients to the surface Atlantic Ocean as well as the Amazon Basin (Koren et al., 2006; Mills 
et al., 2004). The Sahara is a major barrier to faunal movement and may have been an important 
control on human evolution in Africa (Castañeda et al., 2010; Larrasoaña et al., 2013).  However, 
there is abundant evidence that the Sahara has oscillated between wet, “green” and hyperarid 
conditions since at least 8 Ma (Larrasoaña et al., 2013). This begs the question, how old is the 
Sahara desert? The answer to this question has proven challenging to determine, with estimates 
varying from 2 – 3 Ma, 4.5 Ma, to 7 Ma (Kroepelin, 2006; Ruddiman et al., 1989; Schuster, 
2006). The onset of the Sahara desert likely had enormous effects on Atlantic Ocean primary 
productivity, Amazon Basin productivity, human evolution, and global climate.  
Precipitation is a strong control on vegetation in North Africa today, with both showing 
approximately latitudinal zones from the equator to the Sahara desert (Figure 2.1; (Nicholson, 
2000; Still and Powell, 2010). The sub-Sahara/Sahel zone experiences a monsoonal summer wet 
season of 2-3 months, while there is a nearly year-round wet season near the equator (Nicholson, 
2000). The Sahara and Sahel grassland zones are dominated by C4 plants, the most abundant 
terrestrial primary producers in hotter, drier tropical zones today, which primarily grow during 
the wet summer season (Sage, 2001).  C4 vegetation is dominated by monocotyledon grasses and 
sedges (Ehleringer et al., 1997), which are adapted to hot, high light, seasonally arid 
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environments with a pronounced warm wet season (Sage, 2001; Sage et al., 1999). The fringe of 
dominant C4 vegetation on the border of the bare Sahara desert is the only vegetation “proxy” for 
the boundaries of the desert today (Still and Powell, 2010). Fires and faunal disturbance are also 
important factors that maintain C4 vegetation dominance (Sage et al., 1999).  
C4 plants evolved between 20 – 30 Ma, but did not become a significant part of the global 
landscape until the Late Miocene (Cerling et al., 1997; Group, 2001; Kellogg, 1999). 
Paleobotanical studies indicate that from the middle Eocene to the middle Miocene, tropical 
rainforest extended northward nearly to the Mediterranean shoreline and that savanna elements 
expanded thereafter (Maley, 1996). A rich fossiliferous karst deposit from the Western Desert of 
Egypt, dating to 10 – 11 Ma and containing various forest-dependent small primate and other 
fossils, points to very humid (750 – 1250 mm precipitation/yr), forested conditions in the Eastern 
Sahara in the mid Miocene (Pickford et al., 2006; Wanas et al., 2009). C4 plants expanded at 
different times regionally between 8 – 6 Ma, with lower latitudes generally transitioning earlier 
(Cerling et al., 1997). The cause of the global C4 expansion is unknown, with suggestions of 
declining pCO2 (Bolton and Stoll, 2013; Cerling et al., 1997), local aridification (e.g., Freeman 
and Colarusso, 2001), fire (Keeley and Rundel, 2005), precipitation seasonality, and other 
mechanisms put forth by various researchers.  
Numerous causes for the spread of the Sahara desert in North Africa have been proposed. 
The continent itself was within 4 – 6° latitude of its present position at 25 Ma (Swezey, 2009). 
An early Pleistocene Saharan aridification has been proposed based on surface geology as well 
as offshore dust fluxes (deMenocal, 2004; Ruddiman et al., 1989; Swezey, 2009). The growth of 
Northern Hemisphere ice sheets and subsequent cooling of North Atlantic sea surface 
temperatures (SSTs) enhanced northeast trade winds over North Africa, leading to increased 
	 11	
aridity and increased transport of dust into the North Atlantic (deMenocal, 1995). Suggestions of 
a mid-Miocene aridification have been explained as the result of intensification of mid-latitude 
downwelling atmospheric circulation following global cooling (Flower and Kennett, 1994). 
Terrestrial support for this timing comes from observations of in-situ rainforest elements in 
Libya and Egypt in mid-Eocene to mid-Miocene paleobotanical assemblages, which are 
succeeded by a mixture of savanna and forest indicators from the middle Miocene onward 
(Maley, 1996). In addition, a somewhat contested aeolian dune sequence in northern Chad dated 
to 7 Ma could indicate the onset of recurrent desert conditions (Kroepelin, 2006; Schuster, 2006). 
A recent climate modeling study has proposed an alternative cause of mid-Miocene Saharan 
aridification: the closure of the Tethys Seaway connection between the Mediterranean Sea and 
Indian Ocean (Zhang et al., 2014).  As the Tethys connection closed, the African summer 
monsoon would have weakened considerably, drastically reducing moisture transport and 
precipitation across North Africa (Zhang et al., 2014). 
We determined the timing of the Sahara desert expansion by quantitatively reconstructing 
hydrological and vegetation gradients between the equator and Sahara in NW Africa since the 
late Oligocene. We sampled marine sediment cores at Ocean Drilling Program (ODP) Sites 659 
and 959 (Figure 2.1) from 0 – 25 Ma. Using carbon and hydrogen isotope analyses of leaf wax n-
alkane compounds, we were able to reconstruct quantitative vegetation and hydrological signals 
from Saharan and equatorial environments over time. We measured compound-specific δ13Cwax 
and δDwax and compared our results with modern/Holocene leaf wax δ13C and δD gradients 
(Collins et al., 2013; Schefuß et al., 2003a). These results are compared with published records 




2.3.1 Sampling and Chronology 
ODP Site 659 is located at 18°04.63’ N, 21°01.57W at 3070 m water depth on the Cape 
Verde Plateau, and was sampled from 0 – 253 meters below sea floor (MBSF). Site 659 
sediments are pelagic foraminifer-nannofossil oozes deposited outside the upwelling zone, away 
from turbidite fans, and under the present Saharan air layer, thus receiving abundant eolian 
sediments (Ruddiman et al., 1989; Shipboard Scientific Party, 1988). ODP Site 959 is located at 
3°37.659’ N, 2°44.112’ W at 2090 m water depth on a small plateau in the Deep Ivorian Basin, 
and was sampled from 0 – 290 MBSF. Site 959 sediments are foraminifer-nannofossil oozes 
from the Holocene – mid Miocene with increasing organic matter content in the Pleistocene 
section, and interbedded nannofossil chalk, diatomite, and clay from the lower Oligocene to mid 
Miocene (Shipboard Scientific Party, 1996). We sampled ODP Sites 659 and 959 at low 
resolution (averaging ~4.25 m/0.3 Myr spacing) from 0 – 25 Ma to evaluate the coevolution of 
Saharan and equatorial environments since the late Oligocene. We used existing biostratigraphic 
age models, lithologic logs, and core photographs to select depths for initial sampling (Ruddiman 
and Sarnthein, 2005; Shipboard Scientific Party, 1996; 1988). We utilized the biostratigraphic 
nannofossil and planktonic foraminifera age scales of Site 659A and Site 959A to select 
sampling depths at desired sampling age intervals (~0.25 Myr) via linear interpolation between 
dated depths (Ruddiman and Sarnthein, 2005; Shipboard Scientific Party, 1996). The Site 659 
composite depth scale (Shipboard Scientific Party, 1988) was used to identify correlative depths 
in holes B and C at horizons where hole A contained disturbed sediments. We modified the 
existing age models by utilizing updated biostratigraphic ages (Backman et al., 2012; Raffi et al., 
2014). ODP Site 659 sample ages from 0 – 149 meters composite depth (MCD) were calculated 
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utilizing the astronomically tuned age-depth scale of Tiedemann et al. (1994); the 
biostratigraphic age model was used for sample depths below 149 MCD (Tiedemann et al., 
1994).  
2.3.2 Sample Preparation for Biomarker Analysis 
Samples were taken at the International Ocean Drilling Program Bremen Core 
Repository, and freeze-dried under vacuum (Labconco Freeze Dry System, Edwards Rotary 
Vane Vacuum Pump) to remove water. To reduce contamination by recent organic material, the 
outer 1-2 mm of samples were removed with a Dremel© high-speed tungsten-carbide bit 
(cleaned with dichloromethane (DCM) and methanol (MeOH) between each sample) or scraped 
with a metal spatula.  Samples were gently hand-crushed or ground and homogenized in a 
solvent-cleaned ceramic mortar and pestle prior to extraction. To extract organic compounds, an 
average of 32 g (range: 6.8 g – 72.10 g) of sediment was placed in a clean (baked in oven at 
450°C for 8 hours) glass beaker with 9:1 DCM:MeOH, covered in oven-cleaned foil, and 
sonicated 3 times (15 minutes per cycle in a deionized water bath). The total lipid extract (TLE) 
was filtered after each sonication step through a glass microfiber filter (Whatman™GF/F; baked 
in oven at 450°C for 8 hours) into a clean 60 mL glass vial. TLEs were spiked with an internal 
standard mixture (5α-androstane, 1-1’ binapthyl, stearyl stearate, 11-eicosenol, 11-eicosenoic 
acid) and gently dried under N2 at 32°C prior to column chromatography.  
TLEs were loaded in hexane onto silica gel columns (0.5 g Aldrich, 70-230 mesh, 60A; 
DCM, MeOH extracted, activated 2 hours at 200° C). Aliphatic, ketone, and polar fractions were 
eluted with hexane (4 mL), DCM (4 mL), and MeOH (4 mL), respectively. The aliphatic 
fractions were dried under N2 and transferred in hexane to 2 mL high recovery vials for gas 
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chromatography (GC) analysis. Site 959 aliphatic fractions were additionally reacted with clean 
copper turnings (Acros Organics) in hexane (heated 60°C overnight) to remove elemental sulfur.  
2.3.3 Biomarker Analysis 
Aliphatic fraction biomarkers were characterized and quantified via a GC mass-selective 
detector + flame ionization detector (GC-MSD/FID). Samples were analyzed with an Agilent 
GC-MSD/FID (Agilent 7890A GC and 5975C MSD) with a multi-mode inlet (MMI), 
deactivated single-taper liner with glass wool packing and a DB-5 ms column (30 m length, 250 
μm internal diameter, 0.25 μm phase thickness). One microliter of sample in hexane was injected 
splitless into the MMI.  The MMI temperature was held at 60°C for 0.1 minutes, and then 
ramped at 900°C/min. to 320°C where it was held for the remaining analysis time. The injector 
splitless time was 1.5 min.  The GC oven temperature was held at 60°C for 1.5 min., ramped at 
15°C/min to 150°C,ramped at 4°C/min. to 320°C and held for 10 min. The GC-MSD ion source 
was held at 300°C with electron energy of 70 eV, and the quadrupole temperature was held at 
150°C. Compounds were identified by elution time and comparison of mass spectra with 
published patterns (NIST mass spectra library).  Long-chain compounds (C21) displayed odd over 
even preference and a peak at C31, consistent with leaf wax n-alkane patterns in modern plants 
(G. Eglinton and Hamilton, 1967; T. I. Eglinton and G. Eglinton, 2008). Peak areas were 
integrated using Chemstation software utilizing total ion FID traces. Compound abundances 
were quantified by using the 5α-androstane internal standard peak area and known abundance.  
2.3.4 Compound-specific δ13C and δD Analysis 
Compound-specific δD and δ13C measurements were performed with a Thermo Delta V 
Plus Isotope Ratio Mass Spectrometer coupled to a Thermo Trace GC Ultra through a high-
temperature pyrolysis or combustion interface, respectively. The GC oven temperature was held 
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at 60°C for 1.5 min., ramped at 15°C/min to 150°C and held for 0 min., then ramped at 4°C/min. 
to 320°C and held for 10 min. δD measurements are automatically corrected by the operating 
software for isobaric contributions from H3+ produced in the ion source of the mass spectrometer, 
using the H3+ factor that was determined daily (Sessions et al., 2001).  Standard mixtures of n-
alkanes and esters with known δ13C and δD isotope values (Mix A4, A5 and F8 purchased from 
Arndt Schimmelmann, Indiana University) were regularly injected to calibrate the isotopic 
measurements.  Average uncertainties (1 standard deviation; calculated after Polissar and 
D’Andrea, 2014) for δ13Cwax and δDwax measurements were 0.25‰ and 5.8‰, respectively.  
These uncertainties include both our analytical uncertainty and the uncertainty in realizing the 
VSMOW and VPDB reporting scales (Polissar and D’Andrea, 2014). 
2.3.5 Corrections for changing atmospheric δ13C and oceanic δD 
 Leaf epicuticular waxes are protective coatings on the surfaces of plant leaves that help 
maintain water balance within the plant, and are composed of long (>21 carbon atoms, C21), 
straight-chain (“normal” or “n”) carboxylic acids, alkanes, alcohols, and other alkyl compounds 
that are stable on multi-million year timescales (Brooks and Smith, 1967; G. Eglinton and 
Hamilton, 1967; T. I. Eglinton and G. Eglinton, 2008; Samuels et al., 2008; Sessions et al., 
2004). Leaf wax “biomarker” stable isotopes (carbon and hydrogen) are increasingly utilized to 
construct long, quantitative records of vegetation and climate change in Africa due to recent 
improvements in compound-specific isotope analyses (e.g., Dupont et al., 2013; Feakins, 2013; 
Feakins et al., 2013; Sessions, 2006). Leaf wax compounds are transported to lake and marine 
sediments through both fluvial and aeolian processes, where the biomarkers are easily 
identifiable through characteristic patterns in compound abundance: higher odd-over-even 
numbered long-chain compound patterns in the case of n-alkanes, or even-over-odd patterns for 
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carboxylic “fatty” acids and n-alcohols (Eglinton and Hamilton, 1967; Eglinton and Eglinton, 
2008).  
Leaf wax δ13C values are determined by a plant’s carbon fixation pathway, water use 
efficiency, and the δ13C of atmospheric CO2 (Farquhar et al., 1989). Carbon isotope ratios in 
plant tissues and respired soil CO2 are indicative of the type of photosynthetic pathway utilized 
by the plant (Cerling, 1984; Farquhar et al., 1989; O'Leary, 1981). The two major photosynthetic 
pathways utilized by plants are the C3 and C4 pathways (Farquhar et al., 1989; Furbank and 
Taylor, 1995; Sage, 2004). Most plants, including trees, shrubs, and cool season grasses, utilize 
the C3 pathway. A major limitation of this pathway is the fixation of O2 alongside CO2-fixation in 
a processed called photorespiration, which limits plant growth in adverse conditions of high 
light, temperature, and low CO2 (Ehleringer and Cerling, 2002; Furbank and Taylor, 1995; 
Kirschbaum, 1994). Plants using the C4 pathway are dominantly represented by warm season 
grasses and sedges (Furbank and Taylor, 1995; Sage et al., 2011). African margin aerosol dust 
and marine sediment δ13Cwax has been shown to closely track average vegetation composition (the 
relative fraction of C4 vegetation or % C4) on the continent and has been successfully applied 
through time to reconstruct past vegetation changes (Collins et al., 2011; Huang et al., 2000; 
Rommerskirchen et al., 2003; Schefuß et al., 2003a). A significant advantage to using leaf waxes 
for this study is that we expect African margin marine sediments to sample a large region of the 
two latitudinal zones under consideration (e.g., Huang et al., 2000).  
In addition to photosynthetic pathway, changes in δ13CCO2 over time are recorded in 
δ13Cwax, and these changes must be accounted for in order to accurately quantify vegetation 
composition. We corrected our measured δ13Cwax data for variations in δ13CCO2 utilizing the 
benthic foraminifera-based reconstruction of Tipple et al., 2010 (3-Ma running average). We 
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performed linear interpolation on the dataset to calculate δ13CCO2 values at the same ages as our 
samples, calculated the epsilon (ε) difference of δ13CCO2 at sample ages from a pre-Industrial 
δ13CCO2 of -6.5‰ (Francey et al., 1999), and then used the calculated ε to correct sample δ13Cwax 
(the effect of these corrections on the original data is shown in Figure 2.3): 
 
ε = ([(1000 + δ13CCO2)/(1000 + (-6.5)] – 1)*1000 (Clark and Fritz, 1997)  
 
δ13Cwax-corr = [(1000 + δ13Cwax)/(ε/1000 + 1)] – 1000 (Clark and Fritz, 1997) 
 
Corrected δ13Cwax data were used to calculate the relative fraction of C4 vegetation (% C4) 
via linear interpolation of C3 and C4 endmember δ13CnC31 values (-33.76 and -20.11‰, 
respectively) measured in modern African vegetation by Garcin et al. (2014).  
Changes in ice volume over time affect the isotopic composition of seawater and 
eventually rainfall, which in turn is recorded by δDwax in lipid biomarkers such as those produced 
by plants (Mix and Ruddiman, 1984; Sachse et al., 2004; Sauer et al., 2001). We correct for these 
changes by utilizing a global benthic δ18O compilation, which records changes in ice volume and 
deep sea surface temperatures over time (Zachos et al., 2008). To construct the model, we begin 
by changing the δ18O stack to be relative to the modern value, then divide by the last glacial 
maximum δ18O value (18 ka average, 1.58‰) to scale the stack to the ice volume component of 
δ18Oseawater (Schrag et al., 1996).  Next, we calculated expected δD changes from ice volume 
(δDIV), using the observed 8:1 relationship of δD vs δ18O in modern precipitation (Dansgaard, 
1964; Gat, 1996). The expected δDIV was linearly interpolated at sample ages, and ice volume-
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corrected sample δDwax values (δDIVC) were calculated using the following equation (the effect of 
these corrections on the original data is shown in Figure 2.4):  
 
δDIVC = ((1000 + δDwax)/[(δDIV/1000) + 1]) – 1000 (Clark and Fritz, 1997) 
 
2.4 Results 
NW African δ13Cwax C31 values were stable with small differences between ODP Site 959 
(equatorial region) and Site 659 (Sahara region) from 25 – 10 Ma, but Site 659 undergoes an 
abrupt, sustained positive shift beginning at 10.17 Ma (Figure 2.5). After 10.17 Ma, Site 659 
δ13Cwax abruptly increases 3-4‰ in less than 2 Myr, and grows to +8‰ between 8.5 – 1 Ma, with 
a slight decline between 1 Ma and the present. Equatorial Site 959 δ13Cwax has a single 3‰ 
positive excursion at 9.07 Ma, but does not consistently increase until after 8.38 Ma, rising +4 to 
+5‰ over time (Figure 2.5). Interhomologue δ13Cwax spread also appears to increase at both sites 
after their respective average δ13Cwax shifts (Figure 2.6). The +8‰ shift between 10.17 – 1 Ma 
suggests a 60% increase in C4 vegetation based on modern δ13Cwax endmembers (Methods). 
Compound-specific patterns in δ13Cwax offer additional insights into the observed average 
δ13Cwax shifts at both locations. Prior to 10 Ma, the interhomologue spread in δ13Cwax is generally 
<1‰ (Figure 2.6), with C29 the most positive homologue and C33 the most negative homologue at 
both core sites. At Site 659, all chain lengths (C29 – C35) shift towards more positive values at 
10.17 Ma (Figure 2.6), with a “crossover” in individual δ13Cwax where longer chain lengths 
become more positive than shorter chain lengths. C29 becomes the most depleted homologue at 
~5 Ma, much later than the average δ13Cwax shift at 10.17 Ma, whereas C33 and C35 become the 
most positive homologues soon after the 10.17 Ma δ13Cwax shift (Figure 2.6). In contrast, C29 
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remains fairly stable at Site 959 throughout the record, while the other homologues show 
increasing δ13Cwax with longer chain length as average δ13Cwax rises. The “crossover” times of 
individual homologues show similar patterns to Site 659.  
It would appear that once average δ13Cwax began to rise at both latitudes, the longest 
homologues abruptly became much more enriched than the shorter chain homologues.  Similar 
interhomologue δ13Cwax patterns are observable in Bengal Fan and Arabian Sea sediments and 
Siwalik paleosols before and after the Indian subcontinent C4 expansion (Freeman and 
Colarusso, 2001; Huang et al., 2007).  
Site 659 δDwax data exhibit a small negative long-term trend (Figure 2.5). Site 959 δDwax 
is generally more enriched than Site 659 before 5 Ma, but becomes more negative and similar to 
Site 659 values from 5 – 2.5 Ma. There is no apparent shift in δDwax at either location near 10 Ma 
to indicate correlation with the positive δ13Cwax shift observed. Variability in δDwax is ~20‰ at 
both core sites, which is smaller than observed orbital-scale variability of 20 – 30‰ in our 
Pliocene-Pleistocene unpublished data (Chapters 3 and 4) and late Pleistocene leaf wax studies 
off the NW African margin (Collins et al., 2013).  
2.5 Discussion 
2.5.1 Origin of the Sahara Desert at 10 Ma 
Our data document a major expansion of C4 vegetation in the Sahara after 10.17 Ma with 
a rapidly widening north-south vegetation gradient between the Saharan and equatorial 
environments. The average δ13Cwax shift, alongside an interhomologue pattern of more positive 
δ13Cwax with increasing chain length (Figures 2.5, 2.6), indicates expanding C4 vegetation on the 
landscape as well as possibly higher contribution of C4 vegetation to longer-chain (C33, C35) leaf 
waxes (Bush and McInerney, 2013; Garcin et al., 2014). This pattern is also observable in 
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Bengal Fan and Arabian Sea δ13Cwax data during the late Miocene Asian C4 expansion (Freeman 
and Colarusso, 2001; Huang et al., 2007).  
In modern African vegetation, C4 plants produce much higher concentrations of C33 n-
alkane compounds in their leaf waxes than C3 plants, whereas C3 plants are observed to produce 
more C29 compounds than C4 plants (Garcin et al., 2014). C4 plant n-alkane δ13Cwax is more 
positive on average than C3 δ13Cwax, and in modern African plants average C3 plant δ13Cwax 
decreases with increasing chain length in both rainforest and savannah plants (Garcin et al., 
2014; Vogts et al., 2009). We suggest that the observed pattern of more positive δ13Cwax with 
increasing chain length is additional support for expanding C4 vegetation.  
Calculations of C4 vegetation percentages over time (Figure 2.5) suggest that, prior to 
10.17 Ma, C3 vegetation dominated NW Africa, with up to ~10 – 20% of the vegetation in both 
regions comprised of C4 plants. Molecular phylogenies indicate that C4 photosynthesis first arose 
in grasses between 24 – 34 Ma, making our finding of a small percentage of C4 plants in the late 
Oligocene reasonable, although it is possible that aridity-stressed C3 plants were the source of the 
slightly positive δ13Cwax signal (Group, 2001; Kellogg, 1999; Kohn, 2010). In the Sahara region, 
C4 vegetation estimates increased from ~10% to ~20% from 25 – 15 Ma, and declined to ~15% 
between 15 – 10.17 Ma. C4 percentages increased rapidly to ~40% between 10.17 – 8.78 Ma, and 
rose at a slightly lower rate to reach over 70% C4 by 1.04 Ma. A slight decline to ~55% C4 
followed towards the present.  
Near the equator, C4 vegetation remained steady near 10% from 18.8 – 9.7 Ma (Figure 
2.5). A single excursion to nearly 35% occurred at 9.07 Ma, followed by a return to <10% C4 and 
then a steady increase in C4 percentages towards the present, finally reaching a maximum of 
~45%. However, the lack of a long-term increase in Site 959 δ13CC29 relative to longer-chain 
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homologues (Figure 2.6) suggests that the local equatorial environment may have remained C3 
tree-dominated while C4 vegetation expanded in the north, first in the present Sahara desert 
region as recorded by Site 659 and then likely spreading farther south towards more modern 
distributions. It is probable that NE trade winds transported more northerly leaf waxes into 
equatorial waters, thus increasing the C4 signal at Site 959. Today, abundant dust is transported 
from the Sahara by NE trade winds during boreal winter (Prospero et al., 2002). Paleo-wind 
directions from the NE are recorded in fossil aeolian dunes dated to 7 Ma in central Chad, 
indicating strong NE trade winds at least as early as that time and making it likely that C4 
abundance calculations based on long-chain compounds overestimate the amount of C4 near the 
equator (Schuster, 2006).  
The low vegetation gradient (small difference in δ13Cwax) prior to 10.17 Ma does not 
support large climatic differences between the equatorial and Saharan regions. African C3 plants 
in arid regions have ~5‰ more positive δ13C on average than C3 plants in wetter regions today 
(Garcin et al., 2014), whereas we observed <1‰ differences in our data. The compound-specific 
patterns we observed increase our confidence that the 10.17 Ma δ13Cwax shift represents an abrupt 
and large expansion in C4 vegetation.   
The abrupt (<2 Myr) shift towards expanded C4 vegetation in the Sahara is consistent 
with increased seasonality and aridity. C4 grasses dominate the drier regions of Africa today, and 
are favored over trees in environments with high precipitation seasonality, high growing season 
temperatures, and frequent fires (Bond, 2008; Sage, 2001; Sage et al., 1999; Still and Powell, 
2010). C4 vegetation dominance also defines the vegetated fringe zone bordering the Sahara 
desert today (Still and Powell, 2010). These factors strongly indicate that the 10.17 Ma C4 
vegetation expansion occurred in response to a shift in Saharan environments towards 
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aridification. Therefore, we place the upper age limit for initial expansion of the Sahara desert at 
10.17 Ma.  
2.5.2 Orbital-Scale Hydrological Variability Obscures Long-Term Trends 
At first impression, δDwax data do not seem to indicate a significant long-term trend in 
Saharan δDprecip when compared with observed orbital-scale δDwax variability (Figure 2.5). 
However, there are many factors to consider when interpreting these data, including rainfall δD 
composition, vegetation changes over time, and seasonal sampling of rainfall by vegetation. 
Limited modern δDprecip measurements across Africa show a small (<10‰) average δDprecip 
difference between Morocco and equatorial W Africa (Figure 2.2). Collins et al. (2013) 
documented only small (2.5 - 5‰) average north-south δDwax gradients from NW African margin 
sediments in the late Holocene. By contrast, Pliocene-Pleistocene δDwax orbital-scale variability 
of 20 – 40‰ has been observed at various locations across North Africa, which is a much larger 
signal than annual average latitudinal δDprecip gradients in NW Africa (Collins et al., 2011; 
Niedermeyer et al., 2010; Tierney and deMenocal, 2013; Chapter 3).  
Our vegetation reconstructions (Figure 2.5) show an increase in sub-Sahara/Sahel C4 
vegetation from 10 – 20% to 70% C4 between 10 – 1 Ma. A large change in vegetation type from 
C3 dicots to C4 monocots will impact the δDwax signal by altering the apparent fractionation 
(absolute difference, ε) between δDprecip and δDwax (Sachse et al., 2012). C3 angiosperm trees have 
average ε values of –113.6 ± 26.6‰ (C31 n-alkane, n = 78), whereas C4 grasses exhibit more 
negative average ε values of –137.1 ± 26.1‰ (C31 n-alkane, n = 58) (Sachse et al., 2012). A 
transition from a C3 dicot-dominated to C4 monocot-dominated system would produce 
increasingly negative eolian δDwax signals independent of δDprecip shifts, which is similar to the 
observed long-term shift in the data. If δDprecip became more positive in the Sahara due to 
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declining precipitation, the shift towards C4-dominated environments may have counteract this 
signal as recorded by δDwax. Today, African C4 grasses primarily grow during the wet season in 
seasonally arid regions, and have shallower root systems than trees (Bond, 2008). As the Sahara 
region ecosystem transitioned from tree-dominated to grass-dominated vegetation, plant 
“sampling” of available water would be increasingly biased towards the wet season (Bond, 
2008), which has more negative δDprecip than the dry season today (Bowen, 2015), thus producing 
increasingly negative eolian δDwax signals.  
Uncertainty in apparent ε values is of similar magnitude to our observed δDwax variability 
and orbital-scale δDwax variability (~26‰), but we used the average ε values of C3 angiosperm 
trees and C4 grasses to calculate a landscape ε (εlandscape) after Magill et al. (2013) in order to 
estimate possible changes in δDprecip  over time (Figure 2.7). This approach uses calculations of C4 
abundance (fraction of C4, ƒC4) and a linear mixing model between the two ε endmembers to 
estimate an “average” εlandscape for each data point, which is then used to calculate δDprecip  (i.e., 
δDwater) from the original δDwax data: 
 
εlandscape = [ƒC4*(–137.1‰)] + ([1 – ƒC4]*(–113.6‰)) 
δDwater = [(1000 + δDwax)/(εlandscape /1000 + 1)] – 1000 (Clark and Fritz, 1997) 
 
When changes in vegetation are taken into account via the epsilon correction, the small 
negative long-term trend in Site 659 δDwax is removed (Figure 2.7). Site 959 still exhibits more 
negative δDwater values after 5 Ma than prior to that time. Site 659 δDwax values were corrected to 
a larger extent than Site 959 δDwax due to the northerly site having higher fractions of C4 
vegetation over time.  
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Taken together, these results suggest that any long-term trend in δDprecip is likely smaller 
than orbital-scale δDprecip variability. We therefore rely on the modern associations of tropical C4 
grasses with arid environments to infer hydrological changes associated with the Saharan C4 
vegetation expansion at 10.17 Ma (Sage, 2001).  
2.5.3 Early Rise of C4 Vegetation in North Africa and Mechanisms of C4 
Expansion 
Northern Africa’s C4 expansion appears to occur earlier than in other regions globally 
when compared with other published δ13C records (Figure 2.7; Cerling et al., 1997). We 
observed that NW Africa and E Africa experienced large-scale C4 expansion between 11 – 10 Ma 
(Figure 2.7), while higher latitude locations in SW Africa, the Arabian Peninsula, and the 
Himalayan foreland do not exhibit substantial C4 vegetation signals until >1-2 Myr later. Arabian 
Sea Site 722 exhibits a ~2‰ increase in δ13Cwax from 10 – 8.4 Ma, declined 3-4‰ from 8.4 – 7.9 
Ma, and then began a systematic 7‰ increase after 7.9 Ma (Huang et al., 2007). δ13C 
measurements of fossil tooth enamel from East African herbivores indicates that some herbivore 
groups were quick to take advantage of C4 vegetation once present, with equids consuming 
significant amounts of C4 by 9.9 Ma, and rhinoceratids following suit by 9.6 Ma (Uno et al., 
2011).  
Spatial heterogeneity of the Miocene C4 vegetation expansion has been documented 
previously, with indications of earlier expansion in lower latitudes (Cerling et al., 1997; Quade et 
al., 1995). It has been suggested that decreasing atmospheric CO2 caused this pattern of 
vegetation change, as the C4 photosynthetic pathway is favored over the C3 pathway at lower 
pCO2 and the higher daytime growing-season temperatures found in lower latitudes (Cerling et 
al., 1997; Ehleringer et al., 1997). However, atmospheric CO2 reconstructions to date do not 
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indicate a decline in pCO2 between 11 – 8 Ma, though large uncertainty in pCO2 estimates 
remains (Figure 2.3; Beerling and Royer, 2011; Zhang et al., 2013). Some support for a decline 
in pCO2 at 10 Ma comes from a recent study of carbon limitation in different-sized 
coccolithophore algae as indicated by their δ13C values (Bolton and Stoll, 2013). Major 
divergence in δ13C values between small and large size coccoliths begins to appear at ~8 Ma, 
which the authors argue is due to increased vital effects due to a decline of CO2 below a critical 
threshold (Bolton and Stoll, 2013). As atmospheric pCO2 reconstructions improve and converge, 
it should be possible to judge whether a decline occurred near 10 Ma, but there is limited support 
for that conclusion at this time.  
Hydrological change is another likely candidate for regional differences in the late 
Miocene global C4 expansion. Today, hydrologic factors are a major determinant on the 
occurrence of C4 savannah grasslands (Lehmann et al., 2011). Increased aridity has been 
implicated for C4 expansions in the Arabian Peninsula and Himalayan foreland, SW Africa, and 
E Africa (Dupont et al., 2013; Feakins et al., 2013; Huang et al., 2007; Quade et al., 1995). 
Independent support for aridification at 10 Ma comes from a dramatic decrease in terrestrial 
sediment delivery to the continental slope north of Site 659 (off the Cape Bojador margin near 
27°N) at that time, consistent with a sudden decrease in terrestrial runoff (Arthur et al., 1979; W. 
Ryan, personal communication). Recently, a mechanism has been proposed for Saharan 
aridification during the late Miocene based on climate model simulations: the closure of the 
Tethys Seaway (Zhang et al., 2014).  
Simulations indicate that when the Paratethys Sea was large and Tethys Seaway was 
open in the late Oligocene and early Miocene (with the modern Mediterranean Sea and Indian 
Ocean connected), moisture was continuously transported across North Africa from the tropical 
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Atlantic via the African Summer Monsoon (ASM), leading to much higher precipitation across 
the continent (Zhang et al., 2014). When the Tethys connection permanent closed in the late 
Miocene, the loss of high ocean heat fluxes off NE Africa led to an atmospheric energy deficit 
and low-level divergence over N Africa (Rögl, 1999; Zhang et al., 2014). This drastically 
reduced the spatial extent of the ASM, as well as increased the orbital forcing sensitivity of N 
African climate, and led to widespread aridification over N Africa. However, the timing of this 
closure is still not well constrained. Zhang et al. (2014) claim a Tortonian age (7 – 11 Ma) for the 
final closure of the Tethys, but one of their primary references for this claim (Rögl, 1999) states 
that the Tethys was likely closed before the Tortonian stage, with periodic openings/closures 
prior to the Tortonian. However, our results are consistent with their claim of a Tortonian age for 
the Tethys Seaway closure. Additional support for very humid Saharan environments prior to 10 
Ma comes from the Western Desert of Egypt, where abundant microvertebrate fossil remains of 
frogs, snakes, lizards, small primates (Galago farafraensis), and other animals estimated to be 11 
– 10 Ma in age strongly support a humid, wooded environment with mean annual rainfall 
between 750 – 1200 mm/yr (Pickford et al., 2006; Wanas et al., 2009).  
The dramatic increase in the N-S vegetation gradient in NW Africa beginning 10.17 Ma 
supports the conclusion reached by Zhang et al. (2014) that the Sahara desert began to expand in 
the late Miocene as a result of the Tethys Seaway closure. High light and high growing season 
temperatures are the two most important conditions required for an environment favorable for C4 
photosynthesis (Sage, 2001). As precipitation decreased after the Tethys closure, vegetation 
cover would begin to decline and surface albedo would increase (Charney, 1975). As a result of 
increasing surface albedo, surface temperatures in the new Sahara desert would have increased 
dramatically, supporting the high growing season temperatures that favor C4 vegetation 
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(Charney, 1975; Ehleringer et al., 1997). The high land-sea temperature contrast resulting from 
the Tethys Seaway closure would have also increased the seasonality of precipitation, leading to 
a summertime precipitation regime favoring C4 grasses (Nicholson and Grist, 2003; Sage et al., 
1999; Zhang et al., 2014). As grasslands began to expand in the Miocene, fires also increased, a 
positive feedback that helps maintain C4 grasslands in today’s environment (Lehmann et al., 
2011), creating conditions favorable to or perhaps driving the encroachment of C4 grasses into 
forest in the Sahara/Sahel zone (Morley and Richards, 1993; Sage, 2001; Scheiter et al., 2012).  
2.6 Conclusions 
Initiation of Sahara desert conditions in the late Miocene can now be dated to ~10 Ma by 
the evolution of the modern vegetation gradient in NW Africa.  We found that C3 vegetation 
dominated NW Africa between 25 – 10 Ma from the equator to the present Sahara Desert region, 
with small hydrological differences between the two environments indicated by a very small 
δ13Cwax gradient. Beginning at ~10 Ma, C4 vegetation abruptly expanded in the Sahara region, 
quickly reaching 40% in less than 2 Myr and increasing to 70% C4 by 1 Ma. C4 plants likely 
spread southward towards the equator and began impacting on the equatorial marine sediment 
leaf wax signal near 9 Ma. The timing of the NW African C4 expansion is similar to estimates 
from the Gulf of Aden off East Africa (Feakins et al., 2013), suggesting that North Africa as a 
whole may have begun the transition towards more abundant C4 near 10 Ma.  
The most likely mechanism for this major vegetation transition was Saharan aridification 
and increased seasonality of precipitation from the closure of the Tethys Seaway in the late 
Miocene (Zhang et al., 2014). As vegetation shifted towards increasingly seasonal C4 vegetation 
cover, albedo would have increased, leading to a positive feedback process that would have 
enhanced desertification of the Sahara (Charney, 1975; Z. Zhang et al., 2014). The African 
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monsoon’s sensitivity to orbital forcing also increased as a result of this process, leading to 
periodic humid periods across North Africa (Zhang et al., 2014). This is supported by the 
observation of sapropel deposition in the Mediterranean dating back to 10 Ma (Larrasoaña et al., 
2013; Schenau et al., 1999). Aridification is further supported by the observation of a cessation 
of submarine canyon development on the Cape Bojador margin of NW Africa (~27°N) at ~10 
Ma, which is interpreted as a significant decrease in terrestrial river runoff from that margin (W. 
Ryan, personal communication; Arthur et al., 1979).  
The expansion of the Sahara Desert at 10 Ma and increasing magnitude of North African 
orbital-scale climate cyclicity would have profoundly impacted dust fluxes, North African river 
runoff, Mediterranean sediment cycles, floral and faunal migration into and out of Africa, and 
possibly human evolution (Castañeda et al., 2009a; Larrasoaña et al., 2013; Mills et al., 2004; 
Rossignol-Strick, 1985; Watrin et al., 2009). The oldest hominin ancestor yet found, 
Sahelanthropus tchadensis, was found in the Djurab Desert in northern Chad in a argillaceous 
sandstone sequence dating to 6 – 7 Ma and overlying an aeolian sandstone sequence (Brunet et 
al., 2002; Vignaud et al., 2002). Our results support the inference from the Djurab Desert 
sequence (Vignaud et al., 2002) that hominins evolved in a heterogeneous landscape with 
expanding savannah and variable hydrological resources. Our results point to the presence of an 
expanding Saharan desert prior to the earliest days of human evolution, which we hope will 
assist with future research into the origins of our line.     
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2.8 Figure Captions 
 
Figure 2.1 Study locations (ODP Sites 659 and 959) and vegetation zones in Africa (White, 
1983). Dotted lines indicate approximate northern- and southernmost extents of the monsoonal 
rainbelt in August and January, respectively (Nicholson, 2000). Major modern dust-producing 
areas are indicated by thin dotted lines (Prospero et al., 2002). ODP Site 659 underlies the 
modern boreal summer dust plume maximum (Ruddiman et al., 1989). NE trade winds carry dust 
from the interior Sahara desert into the equatorial Atlantic during boreal winter (Razik et al., 
2014). Modern precipitation GNIP station locations (Figure 3.2) are shown by black dots.  
Figure 2.2 Modern African δDprecip. versus latitude (International Atomic Energy AgencyWorld 
Meteorological Organization, 2015). Station locations shown in Figure 2.1. Most data overlap in 
time, allowing for meaningful comparisons of δDprecip. Average δDprecip shows little systematic 
average difference from the equator to 34°N, despite large seasonal δDprecip variability. 
Figure 2.3 Comparison of uncorrected δ13Cwax with corrected δ13Cwax at Sites 659 and 959 
(corrected for changes in δ13CCO2; see Methods for details). Atmospheric CO2 δ13C evolution 
estimates since 25 Ma from benthic foraminifera are shown (third panel; Tipple et al., 2010); 
pre-Industrial δ13CCO2 is indicated by a dashed line (Francey et al., 1999). δ13CCO2 values were 
interpolated at sample ages and used to correct δ13Cwax data (see Methods). Atmospheric CO2 
reconstructions (bottom panel) exhibit a large range in estimates since 25 Ma (data were 
compiled by Beerling and Royer, 2011 and Zhang et al., 2013).  
Figure 2.4 Comparison of uncorrected δDwax with corrected δDwax (corrected for changes in ice 
volume over time; see Methods for details) and global benthic δ18O (Zachos et al., 2008). 
Figure 2.5 Expansion of modern vegetation gradient in NW Africa after 10.17 Ma. Global 
climate changes are tracked by changes in benthic δ18O, top panel (Zachos et al., 2008). Saharan 
	 30	
and equatorial vegetation were very similar and C3-dominated between 25 – 10 Ma, suggesting a 
small vegetation gradient from 0 – 20°N. The N-S vegetation gradient between the Sahara and 
equatorial regions expanded between 10.17 – 8.78 Ma with the abrupt rise in C4 vegetation in the 
Sahara, indicating an abrupt increase in the hydrological gradient and Saharan aridification. 
Plotted are n-C31 data, corrected for changes in δ13CCO2 and ice volume (Supplementary 
Methods). Late Holocene sedimentary δ13Cwax values from along the NW African margin at 21°N 
and 0°N are indicated by a transparent orange square and green star, respectively (Collins et al., 
2013). Pooled analytical uncertainty (1 s.e.m.) is shown by thin vertical bars; approximate orbital 
precession-scale δ13Cwax and δDwax variability shown by thick vertical bars (unpublished data; 
Chapter 2, this volume; Neidermeyer et al., 2010; Collins et al., 2011; Tierney et al., 2013).   
Figure 2.6 Compound-specific δ13Cwax patterns (corrected for long-term δ13CCO2 variability, 
Methods) from ODP Sites 659 and 959 (this study). A “switch” is apparent in Site 659 n-C29 and 
n-C33 δ13C values after 10.17 Ma, where the longer chain length homologues become 
significantly more positive than the shorter chain lengths, superimposed on the long-term trend 
of +δ13C across all homologues. A similar, time-lagged pattern occurs at Site 959, with the 
exception of flat long-term C29 δ13C. As modern African C4 plants produce more abundant long-
chain homologues than C3 plants, we interpret this pattern of inter-homologue “switching” to 
indicate greater production of longer-chain compounds by C4 plants, which have much more 
positive average δ13C in their tissues than C3 plants (Garcin et al., 2014; O'Leary, 1981). As Site 
959 shows fairly flat n-C29 δ13C over the record, we believe that the equatorial region remained 
C3-dominated, with C4 leaf waxes being transported into the equatorial Atlantic by NE trade 
winds as the Sahara region became more arid and C4 vegetation spread southward towards the 
equator. 
	 31	
Figure 2.7 Calculations of δDwater from vegetation-corrected δDwax. Original δDwax data (nC31, 
corrected for changes due to ice volume) are shown in the top panel, C4 abundance is shown in 
the second panel, εlandscape calculations are in the third panel (endmembers from Sachse et al., 
2012), and δDwater estimates are shown in the bottom panel (details of corrections are in Section 
2.5.2). When changes in vegetation over time are accounted for, the small long-term negative 
trend in Site 659 data is removed. Variability in δDwater data is of comparable magnitude to 
orbital-scale variability (Figure 2.5), suggesting that any long-term changes in δDwater are smaller 
than large orbital-scale changes.  
Figure 2.8 Early rise of C4 vegetation in northern Africa. Comparison of NW Africa δ13Cwax (n-
C31 alkane, Site 659, this study) with E African δ13Cwax (n-C30 fatty acid methyl ester; Feakins et 
al., 2013), SW Africa δ13Cwax (n-C31; Dupont et al., 2013), Siwalik Paleosol carbonate δ13C 
(Huang et al., 2007), Arabian Sea δ13Cwax (n-C31; Huang et al., 2007), and Bengal Fan δ13Cwax (n-
C29; Freeman and Colarusso, 2001). Lower latitude locations (NW and E Africa) exhibit 
significantly earlier positive δ13Cwax shifts indicative of more abundant C4 vegetation, consistent 
with a drawdown of atmospheric CO2, yet atmospheric CO2 reconstructions do not indicate a 
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3.1 Abstract 
Long-term aridification and the spread of C4 grasslands in East Africa between 3.5 – 2 
Ma are considered to have been significant influences on early hominin evolution. Another view 
suggests that changes in orbital-scale climate variability were more important in driving 
landscape instability and natural selection (Levin, 2015; Potts, 2013). However, the relationship 
between orbital-scale and longer-term secular changes in East African climate remains poorly 
understood. We present H- and C-isotopic analyses of plant wax biomolecular compounds 
extracted from eastern Mediterranean marine sediments for two comparable ~100-kyr 
eccentricity cycles near 3.0 and 1.7 Ma to explore orbital and longer-term secular changes in 
northeast African vegetation and rainfall. In contrast to East African paleoclimate records, our 
results indicate no long-term, secular trend between these two intervals in either vegetation 
(biomarker δ13C) or rainfall (biomarker δD) records. Both intervals document comparable, large-
amplitude, precession-scale (~20-kyr) changes in Northeast African vegetation and 
	 41	
rainfall/runoff. The biomarker δ13C values record a variable but consistently C4 grass-dominated 
(67 ± 14 % C4) ecosystem in eastern Saharan environments for both intervals, indicating 
widespread C4 vegetation during the Pliocene-Pleistocene. We suggest that the marked rise in 
East African C4 vegetation after ca. 3 Ma does not support a pan-African vegetation shift and 
may have been restricted to East Africa. 
3.2 Introduction  
The possible role of Pliocene-Pleistocene changes in East African rainfall and vegetation 
in shaping faunal change and hominin evolution remains a vigorous area of multidisciplinary 
research (Bobe and Behrensmeyer, 2004; deMenocal, 1995; Feakins, 2013; Larrasoaña et al., 
2003; Levin, 2015; National Research Council, 2010; Potts, 2013; Tierney et al., 2010; Wynn, 
2004). Decades of research in this region have concluded that East Africa transitioned from more 
wooded (but not closed) landscapes to more open, grassy conditions in the late Pliocene between 
~3.5 – 2 Ma (Bonnefille, 2010; Cerling et al., 2011; deMenocal, 2004; Feakins et al., 2013; 
National Research Council, 2010; Wynn, 2004). Confounding interpretation of this long-term, 
secular vegetation change is the observation that East African precipitation and vegetation vary 
markedly on orbital timescales (~20 kyr) due to precession forcing of summer monsoonal 
circulation and rainfall (e.g., Feakins et al., 2005; Garcin et al., 2012a; Larrasoaña et al., 2013; 
2008; Magill et al., 2013a; 2013b). Reconciling these two observations may lead to a better 
understanding of the relationships between short (orbital) and longer-term (secular) landscape 
changes and their possible relationships to major milestones in early human evolution (Brierley 
and Fedorov, 2010; deMenocal, 2004; Larrasoaña et al., 2003; Trauth et al., 2009; 2007).  
In this study, we explicitly focus on the question of comparing orbital and secular 
changes in past northeast African climate and vegetation. We employ an increasingly useful and 
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powerful new tool that is well suited for this problem: compound-specific stable isotopes from 
terrestrial plant leaf wax biomarker compounds (e.g., Garcin et al., 2014; Gleixner and Mügler, 
2007; Sachse et al., 2012). We present detailed plant wax biomarker H- and C-isotopic analyses 
for two 100-kyr comparable eccentricity cycle intervals centered near 3.1 Ma and 1.7 Ma from 
eastern Mediterranean Ocean Drilling Program (ODP) Site 967. Two samples were analyzed for 
lignin biomarker compounds to test leaf wax provenance. We also track orbital-scale 
Mediterranean surface conditions and sedimentological changes in response to African runoff 
variability through planktonic foraminifera δ18O and leaf wax concentration measurements. 
These two intervals bracket the spread of C4 vegetation in East Africa after about 3 Ma (Cerling 
et al., 2011; Levin, 2015; Levin et al., 2011; Potts, 2013). We explicitly test for a long-term 
weakening or change in the variability of the African summer monsoon climate response to 
orbital forcing for these two time intervals.  
3.3 Background 
3.3.1 Orbital and secular changes in North African climate and vegetation 
Northern African climate and vegetation are distinguished by large meridional gradients 
from the humid equator to hyper-arid Sahara desert in the north (Figure 3.2). In Northern 
subtropical Africa, strong monsoonal circulation prevails bringing precipitation during the 
Northern Hemisphere (NH) summer and a pronounced dry season during NH winter. A narrow 
fringe along the Mediterranean coastline receives wintertime precipitation and follows a 
typically Mediterranean climate (Bobe and Behrensmeyer, 2004; deMenocal, 1995; Feakins, 
2013; Larrasoaña et al., 2003; Levin, 2015; National Research Council, 2010; Nicholson, 2000; 
Potts, 2013; Tierney et al., 2010; Wynn, 2004). Equatorial East Africa experiences a bimodal 
distribution of annual precipitation falling from March-May and October-November as the 
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equatorial rainbelt passes over the equator twice each year (Bonnefille, 2010; Cerling et al., 
2011; deMenocal, 2004; Feakins et al., 2013; National Research Council, 2010; Nicholson, 
1996; Saji et al., 1999; Wynn, 2004). North African vegetation tracks the precipitation gradient, 
as evidenced by the strongly zonal ecotonal limits of the rainforest-bushland-grassland-desert 
vegetation bands (Figure 3.2).  
Orbital precession changes the seasonal distribution of solar radiation at the top of the 
atmosphere, but causes no mean annual insolation change for any given latitude. During 
precessional index (Π = e*sin(ω)) minima, summer season insolation is enhanced over northern 
subtropical Africa and this invigorates summer monsoonal circulation and its northward 
penetration into the subcontinent (Feakins et al., 2005; Garcin et al., 2012a; Hilgen et al., 1993; 
Larrasoaña et al., 2013; 2008; Magill et al., 2013b; 2013a; Rossignol-Strick, 1983). Recent North 
African paleoclimate records from lake and marine sediments show that the early Holocene 
African humid period (11-5 ka BP) was characterized by greater rainfall, reduced dust fluxes, 
larger lakes, increased grassland cover, reactivated “fossil” river systems, groundwater recharge, 
and high Nile River runoff into the Mediterranean Sea (e.g., Brierley and Fedorov, 2010; 
deMenocal, 2004; Edmunds et al., 1979; Emeis et al., 2000; Garcin et al., 2012a; Jolly et al., 
1998; Kröpelin et al., 2008; Larrasoaña et al., 2003; Lézine et al., 2011; McGee et al., 2013; 
Revel et al., 2010; Rossignol-Strick, 1983; Schefuß et al., 2003b; Shanahan et al., 2015; Trauth 
et al., 2009; 2007; Zhao et al., 2002).  
Eastern Mediterranean sediments deposited over the Quaternary and Neogene exhibit 
strong precession pacing of organic-rich sediment deposits (sapropels) since at least 10 Ma 
(Garcin et al., 2014; Gleixner and Mügler, 2007; Larrasoaña et al., 2013; Lourens et al., 1996b; 
Rossignol-Strick, 1983; Sachse et al., 2012; Schenau et al., 1999). Sapropels are dark, organic-
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rich sediments (5-10% total organic carbon) that were deposited as a result of bottom-water 
anoxia due to surface water stratification from enhanced Nile River runoff and greater 
Mediterranean surface productivity (Bouloubassi et al., 1999; Emeis et al., 1996; Rohling, 1999; 
Rossignol-Strick, 1983; Sachs and Repeta, 1999; Wehausen and Brumsack, 1999). North African 
runoff during sapropel periods was delivered to the eastern Mediterranean not only by the 
existing Nile River basin and its large Ethiopian highlands catchment, but also from “fossil” 
river systems in Libya and Tunisia (Emeis et al., 2003; Pachur and Kröpelin, 1987; Rohling et 
al., 2002). During North African dry periods, eastern Mediterranean sediment are dominated by 
carbonate-rich foraminiferal and nannofossil oozes with abundant eolian dust (Sakamoto et al., 
1998). A simple proxy for African runoff intensity such as sediment color (lightness, L*) 
captures the stark color contrast between dark sapropel layers and light carbonate sediments 
(Sakamoto et al., 1998). Such records show prominent, precessionally-paced bedding cycles that 
also exhibit characteristic longer-term orbital eccentricity modulation at 100 kyr, 400 kyr and 1.2 
Myr timescales (Rossignol-Strick, 1983). Although impressive, the sapropel bedding cycles are 
not quantitative records of North African runoff because they record only a binary 
presence/absence of deep ocean anoxia related to variable African river runoff (Emeis et al., 
2000; Gallego-Torres et al., 2010).  
Precession-related changes in East African climate and vegetation are well documented 
in paleolake and offshore marine sediments. Lake Turkana in northern Kenya was 80m higher 
than today during the early Holocene humid period (Garcin et al., 2012a), and documented 
precessionally-paced lake level variability between 2.0-1.85 Ma (Joordens et al., 2011). Plant 
wax biomarker data from paleolake Olduvai (Tanzania; 1.9-1.8 Ma) record large precessional 
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variations in regional paleohydrology and vegetation, with local landscapes cycling between 
closed C3 woodlands and open C4 grasslands (Magill et al., 2013b; 2013a).  
Secular, long-term changes in East African climate and vegetation towards more arid and 
open conditions after ca. 3 Ma have been documented in numerous studies based on both 
terrestrial and marine sediment sequences (Figure 3.1; Bobe et al., 2002; Cerling et al., 1997; 
deMenocal, 2004; Feakins et al., 2013; 2005; Levin et al., 2011; Uno et al., 2011). East African 
leaf wax biomarker and soil carbonate records (Figure 3.1, C & D) document a significant shift 
towards arid-adapted C4 grasslands near 3 Ma, coincident with peaks in African mammal species 
richness and major steps in human evolution (National Research Council, 2010; Potts, 2013; van 
der Made, 2014). Dust flux, soil carbonate, pollen, and fossil records document shifts towards 
open and more arid conditions during this same period near major global climate events, 
particularly between 3 – 1.5 Ma (Figure 3.1; Bobe and Behrensmeyer, 2004; Bonnefille, 2010; 
Cerling et al., 1988; deMenocal, 2004; Feakins et al., 2013; Levin et al., 2011; Uno et al., 2011; 
Wynn, 2004). Although regional diversity in the timing and spatial patterns of open 
environments and C4 expansion is apparent (Levin, 2015), it is clear that East Africa experienced 
significant long-term aridification beginning in the late Pliocene (Cerling et al., 2011; 
deMenocal, 2004; Levin, 2015; Uno et al., 2011).  
Causes and patterns of East African aridification are active areas of research, and it is still 
unclear how orbital-scale climate variability evolved over this period of time (Brierley and 
Fedorov, 2010; Cane and Molnar, 2001; Feakins et al., 2013; Magill et al., 2013b; 2013a; Scholz 
et al., 2007; Trauth et al., 2007; 2005). This study investigates both orbital-scale and secular 
changes in northeast African climate between 3 and 1.7 Ma, exploring questions about such 
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changes as well as timing of possible climate shifts, which may assist with identifying the cause 
of East African aridity as well.  
3.3.2 ODP Site 967 and Mediterranean Climate Records 
Long records of planktonic foraminifera δ18O, African dust, and Mediterranean SSTs 
exist for Site 967, allowing the proxy records developed in this paper to be compared with long-
term northern African and Mediterranean trends. Low-resolution alkenone SST estimates for Site 
967 show that SSTs were fairly uniform at ~23°C before 2.2 Ma, varied between 18-20°C from 
1.3-0.95 Ma, and between 14-22°C since 0.5 Ma (Emeis et al., 1998). An existing 3.2 Myr 
δ18Oruber record from Site 967 exhibits an orbital-pacing history similar to global δ18O records 
(Kroon et al., 1998). Strong precessional and obliquity pacing dominates the δ18Oruber signal 
between 3-2 Ma, dominant obliquity pacing between 2-1 Ma, and strong eccentricity pacing 
from 1-0 Ma. Shifts in δ18Oruber variability at 2.6 and ~0.9 Ma are obvious, indicating that δ18O in 
the Mediterranean recorded high latitude climate shifts. Mediterranean seawater δ18O (δ18Osw) 
exhibits very large amplitude orbital-scale variability (~5‰) compared with open ocean δ18Osw, 
however, due to the competing influences of temperature, salinity, and ice volume changes in the 
restricted basin (Kroon et al., 1998). Changes in precipitation-evaporation and river runoff led to 
salinity decreases of 1 – 8 practical salinity units (p.s.u.) during sapropel deposition (Emeis et al., 
1998; van der Meer et al., 2007). Corresponding changes in δ18O of seawater in response to 
salinity variability are ~0.4‰/1 p.s.u. (Emeis et al., 1998; Thunell and Williams, 1989).  
Larrasoaña et al. (2003) constructed a continuous, 3-Myr dust record from Site 967 by 
measuring hematite concentration variability as a proxy for Saharan dust. They compared dust 
power spectra with the orbital solution of Laskar et al. (1993) and found strongest coherence 
with 100-kyr and 41-kyr frequencies, and nearly as strong coherence at the 23-kyr frequency. 
	 47	
Average dust concentrations were similar between 3-0.9 Ma, but increased at 0.9 Ma, possibly 
highlighting a link between North African aridity and high-latitude glacial intensification at the 
Mid-Pleistocene transition, or changes in wind transport at similar times.  
3.3.3 Terrestrial Vegetation and Climate Proxies 
The carbon isotope composition of sedimentary leaf wax “biomarker” compounds 
provides a rigorous means by which to determine the photosynthetic pathway of the plants that 
produced the biomarker compounds (Chikaraishi et al., 2004; Farquhar et al., 1989; Schefuß et 
al., 2003a). Plants utilize two major photosynthetic pathways today: C3 (Calvin-Benson) and C4 
(Hatch-Slack) (Farquhar et al., 1989; Furbank and Taylor, 1995). C3 and C4 plants are 
differentiated by the way they fix CO2 to produce carbon-based compounds and tissues and 
associated chloroplast anatomy. C3 plants, which comprise the majority of plants including trees, 
shrubs, and some cold-season grasses, fix CO2 only once during their photosynthesis. A major 
limitation of the C3 pathway is that O2 is fixed alongside CO2 in a competing process known as 
photorespiration, which increases the energy expended by the plant to recycle unnecessary 
byproducts from the photorespiration process and limits plant growth in adverse conditions of 
high temperatures, light, and low CO2 (Ehleringer and Cerling, 2002; Furbank and Taylor, 1995; 
Kirschbaum, 1994). C4 plants, primarily comprised of sedges and grasses, fix CO2 two times in a 
process that concentrates CO2 within an inner bundle sheath cell and reduces side-effects from 
photorespiration (Furbank and Taylor, 1995; Pearcy and Ehleringer, 1984; Sage et al., 2011). 
This adaptation by C4 plants to elevate CO2 pressures within the plant confers an advantage over 
C3 plants in high temperature, high light environments (Ehleringer, 2005; Pearcy and Ehleringer, 
1984). This has allowed C4 plants to dominate subtropical and tropical grasslands and savannas, 
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with over 80% of the primary productivity accounted for by such plants in those environments 
(Sage, 2001; Sage et al., 2012).   
Leaf epicuticular waxes are composed of a large variety of very long, straight-chain (n) 
hydrocarbon compounds, including alkanes, carboxylic “fatty” acids (FA’s), and alcohols, which 
act as a protective coating on the leaf surface and help maintain water balance within the plant 
(Eglinton and Hamilton, 1967). Leaf wax biomarkers can be transported to lake and marine 
sediments through physical transport, for example with plant matter in a stream or river, or via 
aeolian action (Huang et al., 2000; Sachse et al., 2012; Schefuß et al., 2003a). The biomarkers 
and their stable isotope composition (hydrogen and carbon) are stable over many millions of 
years (Brooks and Smith, 1969; 1967; Sessions et al., 2004). The average δ13C of C4 plants for 
C28 n-alkanoic acids, corrected with respect to a pre-Industrial atmospheric δ13CCO2 of -6.5‰ 
(Methods), is -20.5‰, and -35.4‰ for C3 plants (Chikaraishi et al., 2004). Studies of aerosol leaf 
wax δ13C off the western margin of Africa have concluded that aerosol leaf wax signals are 
dominated by living plant leaf waxes, and that the contribution “old” soil organic matter 
entrained by the wind is rapidly overwhelmed by living plant leaf waxes (Huang et al., 2000; 
Schefuß et al., 2003a).  
Recent calibration work in North America, Europe, and tropical Africa has supported the 
use of stable isotopes from leaf wax biomarkers derived from lacustrine and marine sediments in 
terrestrial paleoclimate and vegetation reconstructions across a large latitudinal gradient 
(Eglinton and Eglinton, 2008; Garcin et al., 2012b; Hou et al., 2008; Sachse et al., 2012; 2004). 
There is high positive linear correlation (R2 > 0.92, p < 0.001) between the δD of precipitation 
(δDp) and the δD of sedimentary terrestrial biomarkers in the tropics and mid-latitudes, making 
biomarker δD a good proxy for δDp in a large variety of environments (Garcin et al., 2012). In 
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the tropics and sub-tropics, the δD content of precipitation is significantly influenced by the 
“amount effect” in addition to temperature effects on Rayleigh fractionation (Clark and Fritz, 
1997; Dansgaard, 1964). The amount effect results in very depleted δDp and δ18Op values during 
the rainy season in tropical Africa (Bowen, 2013).   
An additional proxy for terrestrial vegetation type is sedimentary lignin composition 
(Castañeda et al., 2009b; Hedges and Mann, 1979; Meyers and Ishiwatari, 1993). Lignins are 
large phenolic polymers produced by vascular plants, which are dominantly terrestrial organisms 
(Hedges and Mann, 1979). In order to analyze lignin compounds, the polymers must be oxidized 
into individual monomers, which include aldehydes, acids, and ketones (Meyers and Ishiwatari, 
1993). Conventionally reported compounds are syringyl (S), cinnamyl (C), and vanillyl (V) 
yields. Gymnosperm and angiosperm vascular plants have different characteristic S/V and C/V 
ratios from each other and between their woody and non-woody tissues, making lignins a useful 
proxy for vegetation source and the presence of terrestrial vegetation in sediments (Hedges and 
D. C. Mann, 1979). Grasses in particular have very high C/V ratios of >1 (Hedges et al., 1986).  
3.4 Methods  
3.4.1 Sampling and Age Model 
We selected eastern Mediterranean ODP Site 967 for this study as it contains a nearly 
continuous, high-accumulation rate sediment record since the Pliocene, including all known 
sapropel cycles back to 3.2 Ma (Emeis et al., 1996; Sakamoto et al., 1998). Site 967 is located on 
the flank of the Eratosthenes Seamount in the eastern Mediterranean and is dominated by African 
sediment deposition that derive from East Africa via the Nile River as well as from Saharan dust 
(Figure 3.2; (Krom et al., 1999b; Lourens et al., 1996b). Sedimentation rates at Site 967 have 
averaged 26 m/Myr since the early Pliocene (Shipboard scientific party, 1996).   
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Samples were selected in periods with approximately equal eccentricity forcing ca. 1.7 
Ma and 3.0 Ma (Figure 3.1, gray bars), near the beginning and end of large-scale vegetation and 
landscape changes in East Africa; sampling these intervals minimizes the variable of different 
eccentricity modulation of precession forcing on monsoon precipitation. Visible sapropels are 
not present before 3.15 Ma at Site 967, an occurrence hypothesized as due to post-depositional 
oxidation in the deep Mediterranean (Emeis et al., 2000; Sakamoto et al., 1998).  
ODP Site 967 sediments are composed of nannofossil clays, nannofossil oozes, and 
organic matter-rich sapropels (Sakamoto et al., 1998). We sampled ODP Site 967 cores at 5 cm 
(2.5 kyr) spacing between 51.88 – 53.82 revised meters composite depth (RMCD) and 88.87 – 
91.09 RMCD, or 1.68 – 1.78 Ma and 3.0 – 3.1 Ma in age, respectively. The age model of Emeis 
et al. (2000) was employed to calculate sample ages via linear interpolation from sample depths 
on the revised composite meters depths scale (Sakamoto et al., 1998).  
3.4.2 Data Expectations 
To reconstruct African monsoon precipitation strength, we measured compound-specific 
hydrogen isotopic ratios from sedimentary leaf waxes (δDwax), which reliably records the δD of 
precipitation (Garcin et al., 2012b; Gleixner and Mügler, 2007; Sachse et al., 2012). We 
construct a proxy record of vegetation by measuring compound-specific carbon isotope ratios in 
leaf waxes (δ13Cwax), which reflect changes in photosynthetic pathway (Eglinton and Hamilton, 
1967; Eglinton and Eglinton, 2008; Furbank and Taylor, 1995). An independent terrestrial 
vegetation proxy, lignin, was measured in select samples to help clarify leaf wax provenance 
(Goñi and Hedges, 1992; Hedges and Mann, 1979).  We also built a proxy record of freshwater 
monsoon runoff to the eastern Mediterranean using δ18O from planktonic foraminifera species 
Globigerinoides ruber (G. ruber). Foraminifera δ18O varies in response to changes in seawater 
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δ18O from ice volume, temperature, and salinity (Arbuszewski et al., 2010; Lisiecki and Raymo, 
2005; Shackleton, 1987).  
We predict the following observations in the vegetation, precipitation, and runoff proxies. 
First, we expect signal phasing with respect to orbital forcing. Precession-scale variability in 
δDwax, δ13Cwax and δ18Oruber should be obvious, with negative δD and δ13C excursions occurring 
within sapropel intervals (reflecting wetter, more closed vegetation conditions in North Africa) 
and positive isotopic excursions in nannofossil ooze intervals (indicating drier, more open 
conditions). Greater plant wax concentrations are expected in the sapropel intervals, consistent 
with enhanced organic matter preservation and potentially higher local leaf wax production in 
the humid, vegetated Sahara region. Second, we expect to see a change in mean value of the 
monsoonal climate proxies between the older and younger interval.  The younger (ca. 1.7 Ma) 
interval should exhibit more positive averages in δDwax, δ13Cwax, and δ18Oruber relative to the older 
interval (ca. 3.0 Ma), indicating more arid conditions, more abundant C4 vegetation, and an 
increase in Mediterranean Sea surface salinity. Lastly, we may also observe a shift in monsoonal 
variability between older and younger interval due to a greater influence of high latitude climate 
forcing, as suggested by African dust records (deMenocal, 2004). This may be reflected by 
higher amplitude and lower frequency precession-scale variability in stable isotopes in the 
younger period than in the older period, indicating more arid, open conditions and higher 
Mediterranean Sea surface salinity during insolation minima during the younger period.  
3.4.3 Biomarker Analyses 
To track changes in sedimentology and organic carbon, we utilized the existing hole-
specific color reflectance (L*) record of Site 967 and measured concentrations of long chain fatty 
acid methyl esters (FAMEs) (Figure 3.3; (Sakamoto et al., 1998). Reflectance was calculated for 
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each sample depth via linear interpolation of the published data for each hole (ODP Site 967B 
and 967C) as appropriate. FAMEs were analyzed on a Gas Chromatography – Flame Ionization 
Detector (GC-FID) for calculation of compound abundances using peak areas of the internal 
standard. Concentrations of n-C28:0 FAMEs (C28) are reported in Figure 3.3, with average 
replicate nannofossil ooze sample standard deviation (s.d.) of 0.35 (ng/g sediment) and replicate 
sapropel sample s.d. of 11.17 (ng/g sed.).  
To obtain leaf wax biomarker compounds, ground and homogenized samples were 
extracted using a Dionex Accelerated Solvent Extractor (ASE) 350 with 
Dichloromethane:Methanol (9:1; DCM:MeOH) at a temperature of 100°C and pressure of 1500 
psi. Extraction of sufficient leaf wax compounds for Gas Chromatography (GC) analysis 
required 15-20 g of nannofossil ooze/clay sediments (hereafter referred to as nannofossil ooze) 
and ~5 g of sapropel sediments. Sediments were mixed with clean Ottawa sand in order to 
increase sediment permeability during ASE extraction, as nannofossil oozes in particular contain 
high amounts of clays. Total lipid extracts (TLEs) were spiked with a fatty acid internal standard 
(cis-11-eicosenoic acid) and dried at 30°C under nitrogen gas (N2).  
TLEs were loaded onto a solid phase aminopropyl (LC-NH2) column in 2:1 
Dichloromethane:Isopropanol (2:1 DCM:Iso) and separated into neutral, acid, and polar fractions 
(eluted with 4 mL 2:1 DCM:Iso; 4 mL 4% Acetic Acid in Ether; 4 mL methanol, respectively). 
Separated fractions were blown down to dryness under N2 gas. The acid fractions were dissolved 
in an acidified methanol mixture (dissolved in 0.2 mL DCM, 1 mL 95:5 v/v mixture of 
methanol:acetyl chloride) and placed on a heating block at 60°C overnight to methylate 
carboxylic acid compounds, then extracted with hexane to isolate the methyl esters (~1 mL 
organics-free deionized water, ~1.5 mL hexane, repeated 3 times). Phthalic acid standards were 
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methylated for determination and mass-balance correction of δ13C and δD from the added methyl 
group. Saturated FAMES were separated from other acid methyl ester groups on solid phase 
silica gel columns (Aldrich, 70-230 mesh, 60A; DCM, methanol extracted, activated 2 hours at 
200° C). Samples were loaded in hexane onto the silica gel columns, and three fractions were 
collected (eluted with 4mL hexane, 4mL DCM, 4 mL methanol). The DCM fractions were dried 
gently under N2 gas and transferred to 2 mL glass vials in hexane for GC analysis.  
Samples were analyzed on a Thermo Trace GC Ultra coupled to a Thermo Delta V Plus 
Isotope Ratio Mass Spectrometer (GC-irMS) in duplicate to obtain δD (‰ vs VSMOW) and 
δ13C (‰ vs VPDB) measurements. The GC oven temperature was held at 60°C for 1.5 min., 
ramped at 30°C/min to 225°C and held for 0 min., then ramped at 10°C/min. to 325°C and held 
for 13 minutes. Internal laboratory standards (mixture of 4 FAME peaks of known concentration 
and unknown isotopic composition) and a standard mix of 8 FAMEs of known isotopic 
composition (“F8” FAME mix, obtained from Arndt Schimmelmann) were run alongside 
samples to monitor instrument drift. Pooled analytical uncertainties (1 standard error of the 
mean, s.e.m.) were calculated after Polissar and D’Andrea (2014): δDwax and δ13Cwax uncertainties 
were 4.8‰ and 0.25‰, respectively. Isotope values were adjusted for the methyl group addition 
through mass balance corrections based on measurements of phthalic acid methyl esters; δD and 
δ13C estimates of methanol stable isotope composition were -180 ± 7.5‰ and -25.5 ± 0.9‰, 
respectively, which adds small additional uncertainty to the final sample isotope estimates.  
δD measurements are automatically corrected by the operating software for isobaric 
contributions from H3+ produced in the ion source of the mass spectrometer, monitored daily 
(Sessions et al., 2001). δDwax and δ13Cwax were corrected for instrument drift through the epsilon 
equation using measurements of the F8 mix: 
	 54	
 
𝜀 =  
1000+  𝛿𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
1000+  𝛿𝑎𝑐𝑐𝑒𝑝𝑡𝑒𝑑 − 1 ∗ 1000 
 






Significant non-linear effects of isotope values over a range of gas concentrations were 
observed in δ13Cwax analyses in both sample and standard injections. A large range in sample C28 
FAME concentrations (Figure 3.3) made it difficult to inject compounds at higher concentrations 
to counteract this effect. Non-linear behavior in δ13C measurements was corrected using repeat 
measurements of a sample along a large peak area range (δ13C versus 1/Peak Area); sample and 
standard peaks were corrected to an area of 15 Volts/second (V/s), the average peak area for all 
measurements.    
Changes in ice volume over time affect the isotopic composition of rainfall, which in turn 
is recorded by δDwax and δ18Oruber (Mix and Ruddiman, 1984; Sachse et al., 2004; Sauer et al., 
2001). We correct for these changes by utilizing the benthic δ18O stack of (Lisiecki and Raymo, 
2005), which records changes in ice volume and deep sea surface temperatures over time. To 
construct the model, we begin by changing the δ18O stack to be relative to the modern value, then 
divide by the last glacial δ18O value (1.79‰) to scale the stack to the ice volume component of 
δ18Oseawater (Schrag et al., 1996).  Next, we calculate expected δD changes from ice volume 
(δDIV), using the observed 8:1 relationship of δD vs δ18O in modern precipitation (Dansgaard, 
1964; Gat, 1996). The expected δDIV (𝛿𝑎𝑐𝑐𝑒𝑝𝑡𝑒𝑑) was interpolated at sample ages, and ice 
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volume-corrected sample δDwax values (δDIVC) were calculated using the epsilon and 
𝛿𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 equations (above). The effect of this correction on δDwax is shown in Figure 3.4.  
The photosynthetic pathway of the plant, water use efficiency, and ambient atmospheric 
CO2 δ13C all combine to influence δ13Cwax values (Farquhar et al., 1989). We corrected δ13Cwax 
values for changing δ13CCO2 since 3.12 Ma to pre-Industrial δ13CCO2 values (-6.5‰) via epsilon-
based equations (Clark and Fritz, 1997; Francey et al., 1999; Tipple et al., 2010). δ13CCO2 data 
were linearly interpolated at average sample ages (𝛿𝑎𝑐𝑐𝑒𝑝𝑡𝑒𝑑), and used to correct δ13Cwax via 
the epsilon and 𝛿𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 equations (above). The effect of this correction on δ13Cwax is shown 
in Figure 3.4.  
In order to assist our determination of sedimentary leaf wax provenance, we analyzed 
lignin compounds in two samples spanning the largest δ13Cwax range observed in our records. One 
sapropel and one nannofossil ooze sample, dating to 1.73 and 1.75 Ma, respectively, were 
analyzed for lignin monomers at the Stable Isotope Biogeochemistry Laboratory Purdue 
University. Samples were prepared after Dalzell et al., 2005.   
To calculate the percentage of C4 vegetation present in each sample, a variety of C4 and 
C3 δ13C end members were collected from literature, corrected to pre-Industrial δ13C and used in 
a variety of linear mixing lines to calculate a range of possible C4 percentages (Table 3.1). 
Chikaraishi et al. (2004)’s fatty acid values for C4 grass and C3 angiosperm trees were chosen as 
the final endmembers in our analysis (Figure 3.3). We attempted to account for potential effects 
of vegetation change on δDwax values using δ13Cwax measurements and modern apparent 
fractionation factors (epsilon factors, ε) (Table 3.1). We selected average ε values (for C28 n-
acids) of –94‰ and –122‰, respectively, for C3 angiosperm trees and C4 grasses measured in 
modern plants, calculated an “εlandscape” (after Magill et al., 2013) for each δDwax measurement 
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using C4 grass percentage calculations (described above), and applied the εlandscape to each δDwax 
value to reconstruct δDwater (Figure 3.5; Chikaraishi et al., 2004; Magill et al., 2013b).  
 
Table 3.1. Published vegetation endmember δ13Cwax data. 
Veg. Type Year Collected 












-8.052 n-acid C28 -20.5 
Chikaraishi 
et al., 2004 






trees 1999, 2000 -8.035, -8.052 n-acid C28  -35.4 
Chikaraishi 









Vogts et al., 
2009 
 
1. δ13C of CO2 data are from Francey et al., 1999 (pre-1978) and Keeling et al. 2005 (1980-
2008). δ13Cwax measurements were corrected to the 1861 δ13C CO2 value of -6.49‰, using the ε 
equation.  
2. Average ε nC27-nC28 is 0.9‰ for C3 plants, and 1.0‰ for C4 plants (Chikaraishi et al., 2004).  
 
3.4.4 Foraminifera Analyses 
The planktonic foraminifera G. ruber (white) was selected as a proxy for surface ocean 
conditions, particularly salinity (Arbuszewski et al., 2010; Dekens et al., 2002). Five to seven 
whole foraminifera were picked from each sample (250-355 μm fraction), and cleaned with 
repeated MilliQ water rinses prior to transfer into acid-cleaned vials for analysis to remove clay 
and organic matter. Nannofossil ooze sediments contained abundant G. ruber, but some sapropel 
sediments were devoid of planktonic foraminifera or did not contain enough G. ruber tests for 
analysis. Samples were analyzed for δ18O and δ13C (δ18Oruber and δ13Cruber) on an Isoprime 100 
Multicarb Dual-Inlet Isotope Mass Spectrometer; approximately 10% of samples were run in 
duplicate to assess sample standard deviation (s.d.). International carbonate standard NBS-19 
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was analyzed alongside samples. Long-term s.d. for δ18O and δ13C were 0.06‰ and 0.04‰, 
respectively, based on repeat analyses of NBS-19. Standard deviation of replicate samples was 
0.20‰.  
3.5 Results  
3.5.1 Orbital-Scale Variability 
Precession-scale (~20-kyr) variability is readily apparent in all measured proxies (Figure 
3.3). Figure 3.3 shows eccentricity-modulated precession calculations, which are very similar for 
the two periods (Laskar et al., 2004). Reflectivity of sediments mirrors precession variability 
with a slight lag (3 kyr, built in from the age model), with more reflective nannofossil ooze 
sediments deposited near precession maxima and less reflective, sapropelic sediments deposited 
near precession minima (Figure 3.3). Reflectance amplitudes are similar to eccentricity-
modulated precession amplitudes in the younger period, but are less similar in the older period, 
i.e. reflectance minima are relatively constant around 40 (L*).  
Sedimentary concentrations of C28 n-acids vary over four orders of magnitude between 
high reflectivity sediments and sapropelic sediments, with highest concentrations (>103 ng/g 
sediment) deposited during sapropel intervals, in keeping with our first hypothesis above (Figure 
3.3). These observations are consistent with hypotheses of sapropel formation that predict high 
preservation of organic matter due to bottom water anoxia in the Mediterranean Sea (Rossignol-
Strick, 1985).  
Large negative excursions of ~2 – 3‰ (~15-20% C4) and ~20‰, respectively, occur in 
δ13Cwax and δDwax around and during sapropel sediments in both periods, which is consistent with 
our predictions above (Figure 3.3). Corrections for δ13CCO2 and ice volume resulted in small 
adjustments to δ13Cwax and δDwax (Figure 3.4). Using Pearson’s correlation coefficient, we found 
	 58	
that δDwax shows fairly high, very significant positive correlation with δ13Cwax in the older period 
and slightly lower positive correlation in the younger period, in line with our expectation of close 
correspondence between precession forcing and leaf wax stable isotope patterns (Table 3.3). This 
is also consistent with evidence that sapropels are deposited in response to more humid, 
vegetated North African conditions and vice-versa (Krom et al., 1999b; Larrasoaña et al., 2003; 
Menzel et al., 2004). More positive δ13Cwax is indicative of greater C4 plant abundance and/or 
proportion leaf waxes, and more negative δ13Cwax is indicative of less C4 plant abundance 
(Farquhar et al., 1989).  
δDwax exhibits patterns consistent with expected changes in northeast African 
precipitation across each orbital cycle, i.e. that δDwax should primarily record changes in δDprecip., 
which occur in response to more or less precipitation in tropical Africa (Garcin et al., 2012b; 
Sachse et al., 2012). Our calculations of source water δD (δDwater) reveal slightly larger 
variability across precession cycles due to the effect of correcting for vegetation changes from 
δ13Cwax (Methods), but δDwater is also dominated by precession-scale variability (Figure 3.5).  
 
Table 3.2. Average values and standard deviations for measured δ13Cwax, δDwax (ice volume-
corrected), and δ18Oruber_ivc between 1.68 – 1.7 Ma and 3.0 – 3.1 Ma. 
 Mean YP Mean OP St. Dev. YP St. Dev. OP 
δ13Cwax -25.32 -25.58 1.13 0.74 
% C4 67.63 65.91 7.59 4.98 
δDwax -133.8 -126.3 10.8 6.7 
δDwater -19.2 -16.2 10.6 8.9 
δ18Oruber 0.0924 -0.4317 0.6681 0.5769 
 
Table 3.3. Computing Pearson’s correlation coefficients and significance for correlation of δDwax 
and δ13Cwax:  
 r-values p-values 
Younger Period δ13Cwax vs. δDwax 0.3433 0.1631 
Older Period δ13Cwax vs. δDwax 0.4903 0.0128 
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Lignin analyses show very similar S/V and C/V ratios in both the sapropel and 
nannofossil ooze samples and are consistent with a grass-dominated vegetation source in both 
time periods (Figure 3.6; Table 3.4). The nannofossil ooze has slightly a lower S/V ratio than the 
sapropel, but a nearly identical C/V ratio, consistent with very similar vegetation source. No 
syringe aldehyde was detectable in the nannofossil ooze sample, therefore we can only discuss 
the (Ad/Al)V ratio here. The sapropel sample exhibits much higher (Ad/Al)V than the nannofossil 
ooze, suggesting that lignin compounds in that sample underwent greater oxidation prior to 
deposition (Hedges et al., 1986; Meyers and Ishiwatari, 1993).  
Variability in δ18Oruber is similar though not identical to that of sediment reflectivity, C28 
FAME concentrations, δDwax, and δ13Cwax during both periods (Figure 3.3). Negative excursions 
of ~1.5 – 2‰ occur near sapropel midpoints, consistent with evidence that sapropels are 
deposited contemporaneously with large decreases in Mediterranean surface salinity due to 
increased African runoff (Kroon et al., 1998; Lourens et al., 1996; van der Meer et al., 2007). 
However, δ18Oruber periodicity exhibits lower frequencies between 1.68 – 1.8 Ma than between 3 
– 3.12 Ma, and appears to lead sapropel midpoints by a larger margin than during the older 
period.  
Table 3.4. Lignin data from this study.  
Sample Sed. Type δ13Cwax S/V C/V (Ad/Al)V (Ad/Al)S 
967B6H4, 147cm sapropel -25.8 0.47 1.74 0.62 0.96 
967B6H5, 32 cm nanno. ooze -21.5 0.21 1.73 0.32 -- 
 
3.5.2 Long-Term Changes in Stable Isotopes 
A Mann-Whitney/Wilcoxon rank sum test revealed no significant differences in δ13Cwax 
from the older to the younger period (H. B. Mann and Whitney, 1947), in contrast to our original 
hypothesis that significantly more enriched average values would be observed between 1.68 – 
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1.78 Ma (Figure 3.3). δDwax was significantly more negative (-7.5‰) in the younger period, but 
we note that the available data from the younger period is more biased towards sapropels than 
during the older period, and that a finding of slightly more negative δDwax during the younger 
period likely reflects this bias. δ13Cwax and δDwax amplitudes appear slightly larger in the younger 
period, but these changes are within uncertainty (Table 2). This does not satisfy the condition 
that both the hydrological and vegetation proxies would show significantly higher amplitude 
variability from 1.68 – 1.78 Ma than between 3.0 – 3.1 Ma.  
The African runoff proxy, δ18Oruber, does show highly significantly more positive values 
in the younger period after correcting for ice volume changes (Table 2).  Orbital-scale variability 
in δ18Oruber is also slightly larger in the YP relative to the OP. Average global temperatures have 
decreased since the late Pliocene, making this a relevant factor for the Site 967 record (Raymo, 
2006). These observations are in keeping with our hypotheses for this record.  
3.6 Discussion and Conclusions 
3.6.1 Leaf wax stable isotopes record African monsoon precipitation and 
vegetation 
The provenance of marine sedimentary leaf waxes, particularly the proportions of leaf 
waxes transported via aeolian versus fluvial action, can be challenging to determine given the 
sparse present knowledge of leaf wax transportation pathways and how they differ from 
sediment and pollen transportation. We review relevant evidence for eastern Mediterranean leaf 
wax provenance here. Inorganic geochemical sediment provenance studies of hematite, 87Sr 
isotope ratios, and major and minor elements suggest a dominantly northeastern Sahara source 
for dust transported into the eastern Mediterranean (Krom et al., 1999b; 1999a; Larrasoaña et al., 
2003; Wehausen and Brumsack, 1999). Wehausen and Brumsack (2000) hypothesized from 
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major element ratios that inorganic sediments are composed of almost 100% Nile River material 
derived from East Africa during humid periods (i.e., during Mediterranean sapropel formation), 
and approximately 50% Nile River material and 50% Saharan dust during African dry periods. 
A recent study of n-alkane and n-acid compounds in fluvial sediments in the Ganges and 
Brahmaputra River systems found that vascular plant material is a significant part of river 
organic carbon, and that these compounds reflect local vegetation composition in their respective 
drainage basins (Galy et al., 2011). They observed a downstream enrichment of δ13C wax in both 
compound types that they interpreted as degradation and progressive replacement of fluvial 
sedimentary leaf wax compounds by mixed C3/C4 vegetation, particularly in the floodplain where 
C4 vegetation dominates. This has important implications for Nile River fluvial leaf wax 
transport: as the Nile River is over twice as long as the Ganges and Brahmaputra Rivers, it might 
be expected that leaf wax compounds sourced from Nile headwaters would be completely 
replaced by downstream and floodplain leaf waxes (when compared with shorter rivers) before 
being deposited in the eastern Mediterranean Sea.  
We find it highly likely that leaf waxes deposited in eastern Mediterranean sediments 
record vegetation in and close to the Nile floodplain in the eastern Sahara region, and that fluvial 
leaf waxes mix with those transported via aeolian action from the Eastern Sahara at ODP Site 
967. Pollen reconstructions from the African Humid Period indicate that steppe vegetation 
(grasses, low shrubs) was abundant above ~20°N, and that savanna vegetation (annual grasses 
and scattered trees) was abundant between ~10-20°N, indicating an incursion of vegetation into 
presently bare desert regions (Hoelzmann et al., 1998; Jolly et al., 1998). This vegetation would 
have provided abundant additional leaf wax sources to rivers and streams draining into the 
eastern Mediterranean. Modern spatial distributions of vegetation and pollen reconstructions of 
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mid-Holocene vegetation suggest that the Sahara/Sahel regions are dominated by C4 vegetation 
during both wet and dry periods (Jolly et al., 1998; Lézine et al., 2011). 
We conclude that C4 grasses dominated northeast African environments in both the older 
and younger periods, with higher percentages of C4 grasses during dry periods and lower 
percentages during humid periods, as indicated by δDwax variability. On average, C4 grasses 
comprise between 55 – 80% of total vegetation (Figure 3.3), consistent with an eastern Saharan 
vegetation assemblage (Jolly et al., 1998; Lézine et al., 2011). Our lignin results provide an 
additional test of sedimentary leaf wax provenance. High C/V ratios in both samples indicate a 
non-woody, grass-dominated lignin source (Hedges et al., 1986). This observation is consistent 
with high average C4 grass abundance inferred from δ13Cwax data (Figure 3.4) and supports our 
conclusion that the eastern Sahara is the dominant source of terrestrial leaf waxes found in 
eastern Mediterranean sediments.  
The observed minima in δDwax, δ13Cwax, and δ18Oruber during sapropel periods are 
consistent with interpretation of these proxies as a means of tracking African monsoon strength 
and runoff. Sapropels have been observed to lag precession minima by approximately 3 kyr and 
correspond to peak monsoon runoff from Africa into the Mediterranean Sea (Rossignol-Strick, 
1985; Lourens et al., 1996). Minima in δDwax, δ13Cwax, and δ18Oruber also appear to lag precession 
minima (Figure 3.3, A), which supports our interpretations that δDwax tracks African monsoon 
precipitation strength, δ13Cwax records vegetation changes responding to precipitation variability, 
and δ18Oruber varies due to changes in Mediterranean Sea surface salinity and temperature. 
Precession-scale δ13Cwax variability ranges ~2 – 4‰ (circa ±15-20% C4 vegetation), much less 
than the 14‰ average difference between C3 and C4 vegetation, suggesting a mix of C3 and C4 
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vegetation across precessional cycles rather than oscillations between end members (Pearcy and 
Ehleringer, 1984). 
Depletion of δDwax and δ13Cwax in response to precession-paced monsoonal precipitation 
maxima has been observed in numerous records throughout Africa, though some studies have 
found significant correlations between northern African climate variability and high latitude 
climate and ocean circulation variability for the late Pleistocene (Castañeda et al., 2009b; Collins 
et al., 2013; Magill et al., 2013b; Schefuß et al., 2003b; Tierney et al., 2011). The range in 
orbital-scale δDwax and δDwater amplitudes (~20‰; Figure 3.5) is reasonable when compared with 
late Pleistocene δDwax data from tropical Africa. Tierney et al. (2011) constructed lake δDwax 
records from the Congo Basin, Lake Tanganyika, and Lake Challa between 0 – 25 ka, and 
observed ~20-40‰ shifts bracketing the African humid period. Collins et al. (2013) observed 
orbital-scale δDwax variability of ~10 – 15‰ in late Pleistocene northwest African margin marine 
sediments. Assuming that δDprecip. is the primary control on δDwax, we conclude that the 
variability of orbital-scale West African monsoon precipitation was fairly constant between 3 
and 1.7 Ma.  
3.6.2 Northeast African climate stability between 3.0 Ma and 1.7 Ma 
We have concluded from the constant average δDwax and δ13Cwax (Table 3.2) that Eastern 
Saharan/Northeast African climate was stable with C4 grass-dominated environments between 
the late Pliocene and mid Pleistocene. This indicates that no secular climate shifts occurred 
between ~3 and 1.7 Ma, and that orbital-scale variability remained constant between the two 
periods, contrary to our expectations. The interpretation of NE African stability from the late 
Pliocene to the mid Pleistocene is supported by long-term patterns in dust from Site 967, which 
indicate a large increase in Saharan dust transport into the eastern Mediterranean at the mid 
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Pleistocene transition after 0.95 Ma but not between 3 – 0.95 Ma (Larrasoaña et al., 2003). 
However, this contrasts strongly with widespread observations of increased aridity and 
expanding C4 grasslands in East Africa over the same time period (summarized in Levin, 2015).  
The lower frequency variability (~40-kyr) of δ18Oruber in the younger period is likely 
related to the influence of high latitude climate on Mediterranean SSTs (Figure 3.7). Variations 
in δ18Oruber between 1.68 – 1.8 Ma show greater similarity to central Mediterranean Uk’37 SSTs 
than to sediment reflectivity, δDwax and δ13Cwax. This supports the assertion that the 
Mediterranean region shows increasing high latitude climate influence throughout the Pliocene 
and Pleistocene (Kroon et al., 1998). However, the similarity of δ18Oruber and central 
Mediterranean SSTs may suggest that SST variability increasingly modifies the changing salinity 
signal recorded by δ18Oruber over the Pleistocene. There is also great similarity between Site 967 
δ18Oruber and the global δ18O stack (Lisiecki and Raymo, 2005), further indicating that high 
latitude climate change influenced Mediterranean surface conditions (Figure 3.8). This implies 
that Mediterranean surface conditions do not strongly influence precipitation changes in 
northeastern Africa.  
In comparing our data with that of Kroon et al. (1998)’s existing lower resolution record 
and a global foraminiferal δ18O stack (Figure 3.8), we see that most of the δ18Oruber variability in 
the Pliocene section is captured by the Kroon et al. (1998) lower resolution sampling. However, 
this approach is less successful at documenting the higher amplitude Pleistocene variability of 
the younger period, as we observe >1‰ deviations at multiple points. This demonstrates that 
higher-resolution sampling is necessary to capture the full amplitude of precession-scale changes 
in Mediterranean surface conditions during the Pleistocene as the amplitude of high latitude 
climate variability increases.  
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These results are strongly suggestive of regional differences in African climate and 
vegetation history over the late Pliocene and Pleistocene, and that the early Pleistocene shifts to 
C4 grasslands in East Africa are not representative of Africa as a whole. A low-resolution record 
of n-alkane δ13C from South Africa over the last 3.5 Ma also supports this conclusion, as it 
shows very little change in δ13C from 3.0 Ma to the present, which suggests stable vegetation 
conditions in South Africa across the 2 Ma East Africa vegetation transition as well (Maslin et 
al., 2012). The results from Site 967 suggest that West African monsoon variability did not drive 
the East Africa aridification and vegetation transition, which requires a review of other possible 
drivers of this transition. 
3.6.3 Regional differences in African climate history since the Pliocene 
Our observations of no significant change in E Saharan environments between 3.0 and 
1.7 Ma contrasts with reports of late Pliocene/early Pleistocene aridification and environmental 
change in both West and East Africa (Bonnefille, 2010; Cerling et al., 2011; deMenocal, 2004; 
1995; Levin et al., 2004; Wynn, 2004). However, leaf wax estimates have the advantage of 
directly estimating changes in precipitation and vegetation, unlike indirect methods such as dust 
fluxes and sapropel patterns available previously, and thus our record is one of the first 
quantitative estimates of North African climate and vegetation change over time.  
Our calculations indicate that C4 grasses dominated N African vegetation at least as early 
as 3.12 Ma, in contrast with East African vegetation reconstructions (Figure 3.9). Average C30 
δ13Cwax at Site 231 in the Gulf of Aden increases by ~2‰ from 3.35 to 1.65 Ma (Feakins et al., 
2013). Interpretations of increased Pleistocene aridity from dust flux records in both West and 
East Africa led to the appearance of a continent-scale aridification in northern Africa 
(deMenocal, 2004), but our results suggest greater regional diversity in North Africa’s climate 
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history. It appears that our proposed hypothesis above, that northeast Africa (Eastern Sahara and 
East Africa) as a whole experienced increased aridity and a shift towards more C4 grass-
dominated vegetation, was incorrect, and northeast Africa did not become uniformly more arid 
across the East Africa vegetation transition at 2 Ma.  
3.6.4 Climate Drivers of East African Aridification and C4 Grassland 
Expansion 
Proposed causes of aridification and C4 grassland expansion in East Africa include: 
lowered atmospheric CO2, tectonic uplift, northern hemisphere glaciation, and development of 
upwelling and cold SSTs off the coast of East Africa (Brierley and Fedorov, 2010; Cane and 
Molnar, 2001; deMenocal, 2004; Ehleringer et al., 1997; Sepulchre et al., 2006). Lower CO2 is 
not considered a strong driver for this transition, as there are indications that average long-term 
CO2 has been fairly constant since the Miocene (Sage, 2004). Lower CO2 would drive vegetation 
changes similarly in both the Eastern Sahara and East Africa, which is not supported by our 
results. Tectonic uplift along the East African rift system was certainly a contributor to East 
African aridity over the last several million years but may not have strongly impacted moisture 
transport to the Eastern Sahara (Sepulchre et al., 2006).  
Dust records from East and West Africa suggest that Northern Hemisphere Glaciation 
(NHG) strongly impacted North African dust flux cycles beginning at 2.8 Ma (deMenocal, 
2004). However, dust records from the eastern Mediterranean indicates that initiation of NHG 
(iNHG) did not affect dust fluxes from the Eastern Sahara, and that it was not until the mid 
Pleistocene transition ca. 0.9 Ma that dust fluxes significantly increased into the Mediterranean 
basin (Larrasoaña et al., 2003). This is consistent with our findings of stable N African 
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precipitation and vegetation across the same time period. It seems likely that iNHG did not 
strongly affect Eastern Saharan precipitation or vegetation.  
Experiments with global circulation models (GCMs) have found that cold SSTs off the 
coast of East Africa are associated with a downwelling branch of the Indo-Pacific Walker 
circulation, which may have initially developed between ~3.5 – 2 Ma along with modern 
meridional SST gradients, inducing drying of East Africa by suppressing convection in that 
region (Brierley and Fedorov, 2010). However, Brierley and Federov (2010) also observed 
increased aridity across northern Africa, especially in the Eastern Sahara, due to the development 
of a modern meridional SST gradient at ~2 Ma, a conclusion that is not supported by our results.  
Cane and Molnar (2001) have also proposed that Indian Ocean cooling occurred from the closure 
of the Indonesian seaway between 3-4 Ma, reducing rainfall over East Africa. This is supported 
by observations of increased variance and a trend towards cooler SSTs after ~2.5 Ma at western 
Indian Ocean ODP Site 722 (Herbert et al., 2010).  
It seems likely that tectonic uplift, the initiation of NHG, and cooler Indian Ocean SSTs 
all had an impact on aridification and the rise of C4 grasslands in East Africa between 3-2 Ma. It 
is not clear from our data which of these influences most strongly controlled East African aridity 
or if one was the primary cause of the vegetation shift at 2 Ma. Our data may suggest that 
development of modern meridional SST gradients (Brierley and Federov, 2010) had a lesser 
impact on East African aridity than the development of a modern zonal SST gradient, as a strong 
drying signal was not observed in Northeastern Africa over this period as predicted. 
3.7 Conclusions 
We found that large orbital-scale variability corresponding to precession forcing 
dominated climate and vegetation in the Eastern Sahara from 3.1 – 1.7 Ma, but Eastern Saharan 
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environments were stable and dominated by C4 vegetation between the two time periods studied. 
Eastern Saharan environments are dry and dominated by C4 vegetation during summer insolation 
minima/precession maxima, but experience increased African summer monsoon precipitation 
and decreasing C4 during summer insolation maxima/precession minima. Climate and vegetation 
variability are slightly but not significantly larger in the younger period compared with the older 
period under study, indicating that the African summer monsoon response to orbital forcing did 
not weaken across the East African vegetation transition. Wet periods in Northern Africa 
correspond to low sea surface salinity in the Mediterranean Sea and deposition of organic 
carbon-rich sapropel sediments. Mediterranean surface conditions seem to change from salinity-
dominated variability paced primarily by precessional forcing in the late Pliocene, to the 
increasing influence of temperature and obliquity forcing in the Pleistocene.  
This picture of North African climate contrasts strongly with observations of increasing 
East African aridity and C4 grasslands between 3 and 1.7 Ma, indicating that East Africa’s 
vegetation transition was unique to that region and not representative of a pan-African 
environmental shift (East African evidence recently summarized by Levin, 2015). This indicates 
that East African environments were undergoing unique forcing separate from other regions of 
Northern Africa, an important conclusion that may assist paleoanthropologists with determining 
the impact of past climate change on human evolution. The cause of East Africa’s aridification is 
still difficult to determine, but our findings should allow climate modelers to better model the 
effects of modern meridional and zonal SST gradients on Northeast African climate (e.g., 
Brierley and Federov, 2010). Our new quantitative record also makes it possible for the first time 
to test underlying assumptions about North African aridity derived from various dust flux, 
sapropel, and other records (deMenocal, 1995; Emeis et al., 2000; Larrasoaña et al., 2003). 
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3.8 Figure Captions 
Figure 3.1. A comparison of East African and Mediterranean paleoclimate records. Shaded bars 
indicate the periods analyzed in this study. A) Eccentricity cycles (Laskar et al., 2004). B) 
Mediterranean sapropel (black lines)/carbonate cycles compiled from marine and terrestrial 
sections (Kroon et al., 1998; Lourens et al., 1996b). C) Carbon isotope values from plant wax 
biomarkers from Site 231, Gulf of Aden (Feakins et al., 2013). D) Northeast African soil 
carbonate carbon isotopes (Levin, 2013). E) Relative abundance of arid grassland-adapted 
mammals (Bobe and Behrensmeyer, 2004).  
 
Figure 3.2. Modern vegetation and precipitation patterns in modern Africa. Vegetation 
transitions from tropical rainforest at the equator to bare desert in the north (after White, 1983). 
The monsoonal rainbelt is approximately located in the Sahel during boreal summer and moves 
southward during austral summer (Nicholson, 2000). ODP Site 967 is located in the eastern 
Mediterranean (red star) in the path of the Nile River outflow. The eastern Sahara is a major 
source of aeolian dust to the eastern Mediterranean today (after (Revel et al., 2010).  
 
Figure 3.3. Results: No change in E. Saharan precipitation or vegetation from 3 to 1.67 Ma. 
Precession and eccentricity pacing are obvious across all proxy records in both time periods 
(Laskar et al., 2004). Sediment reflectivity (L*) is a proxy for changes in sedimentology and 
carbon content and shows strong orbital pacing (Sakamoto et al., 1998). Sapropel locations are 
marked by gray boxes (Emeis et al., 2000; Kroon et al., 1998). Concentrations of C28 FAMEs 
(ng/g sediment) also closely follow orbital forcing (this study). δ13Cwax (‰ vs VPDB, C28) and 
δDwax (‰ vs VSMOW, C28), corrected for δ13CCO2 changes and ice volume changes, respectively, 
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exhibit strong precession pacing and similar average values from the older to younger period 
(this study), indicating no change in vegetation composition or precipitation between the two 
times. δ18Oruber (corrected for ice volume changes (‰ vs VSMOW;) measurements show strong 
precession pacing in the older period but lower frequency variability in the younger time period, 
indicating increased high-latitude climate influence on Mediterranean surface conditions in the 
Pleistocene.  
 
Figure 3.4. Effects of corrections on Site 967 isotope values. δ13Cwax is corrected for changes in 
atmospheric δ13CCO2  (3-Myr running average) over time (Tipple et al., 2010). δDwax is corrected 
for changes in δDprecipitation due to ice volume variability over time (Lisiecki and Raymo, 2005). 
See Methods for details of these corrections.  
 
Figure 3.5. Potential impacts of vegetation change on plant source water δD (δDwater) 
calculations. C4 vegetation calculations are shown in the first column (calculated via linear 
interpolation with C3 and C4 vegetation endmembers of –35.4‰ and  –20.5‰, respectively; 
Chikaraishi et al., 2004)). The second column shows ice volume-corrected δDwax  (‰ vs 
VSMOW). The third column displays εlandscape calculations from a 2-endmember linear mixing 
model; endmember values are indicated in the top Figure 3 (Chikaraishi et al., 2004). The last 
column shows δDwater (‰ vs VSMOW) calculations made by correcting δDivc. δDwater variability 
is slightly larger amplitude than that of δDivc. Averages of δDwater are not significantly different 
from the older to the younger interval.  
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Figure 3.6. Site 967 lignin analyses support an Eastern Saharan vegetation source. Site 967 lignin 
phenol data are compared above with published syringyl/vanillyl (S/V) versus cinnamyl/vanillyl 
(C/V) data from modern plants and a coastal Cyprus marine sediment core located just north of 
the Eratosthenes Seamount (Bianchi et al., 1999; Hedges and D. C. Mann, 1979). Grasses exhibit 
high C/V ratios relative to gymnosperm and angiosperm trees (Hedges et al., 1986). Site 967 
samples exhibit high C/V ratios and relatively low S/V ratios, indicating a grass-dominated 
vegetation source consistent with Eastern Saharan environments (Ritchie and Haynes, 1987).  
 
Figure 3.7. Mediterranean sea surface conditions show increasing high-latitude influence from 
the late Pliocene to mid-Pleistocene. Shown above from left to right are orbital eccentricity 
(black dotted line) and precession (red line; (Laskar et al., 2004); sapropel numbers (Shipboard 
scientific party, 1996); sediment reflectivity (Sakamoto et al., 1998); δDwax (this study); δ18Oruber 
(this study); and Mediterranean SSTs (Herbert et al., 2015). Site 967 δ18Oruber exhibits two distinct 
patterns of behavior in the late Pliocene and mid-Pleistocene. During the late Pliocene period, 
δ18Oruber shows great resemblance to sediment reflectivity and δDwax, varying primarily at ~20-kyr 
frequencies and suggesting that E. Mediterranean δ18Oseawater was controlled by salinity variability 
and African monsoonal runoff. During the mid-Pleistocene, δ18Oruber shows longer periodicities 
and greatest resemblance to Mediterranean SSTs, strongly implying that SST was the primary 
control on δ18Oseawater at this time, with SSS acting as a secondary control. 
 
Figure 3.8. Site 967 δ18Oruber (this study) comparison with previously published Site 967 δ18Oruber 
and a global benthic foraminifera δ18O stack (Kroon et al., 1998; Lisiecki and Raymo, 2005).  
Sapropel intervals are shown by gray boxes and labeled “S#”; a possible oxidized sapropel is 
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denoted by a “red interval” at 1.78 Ma (Emeis et al., 2000; Kroon et al., 1998). High-resolution 
sampling at Site 967 (black dots) revealed ~20-kyr frequency variability not always captured by 
low-resolution sampling (red dots). Site 967 δ18Oruber more greatly resembles global variability 
(LR04) from 1.67 – 1.8 Ma than between 3 – 3.12 Ma, suggesting that high latitude climate has 
greater influence over Mediterranean surface conditions in the younger interval.   
 
Figure 3.9. East Africa’s unique vegetation history. We compare Site 967 (C28) δ13Cwax with Gulf 
of Aden DSDP Site 231 (C30) δ13Cwax and East African soil carbonate δ13C records (Feakins et al., 
2013; Levin, 2015). Soil carbonate data markers (legend) are plotted from north to south and 
show vegetation data nearest to the Nile River headwaters in Ethiopia, also the primary source 
region for Nile sediments (Foucault and Stanley, 1989). Average Site 967 δ13Cwax remains 
constant from ~3 to ~1.7 Ma, while Site 231 δ13Cwax and paleosol δ13C record a clear shift 
towards more positive values across the same interval, implying that E Saharan vegetation 
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4.1 Abstract 
Northern Africa has experienced large-amplitude oscillations between dry and wet 
conditions (“Green Sahara” periods, GSPs) every ~20 kyr going back at least to 8 – 10 Ma in 
response to precession-paced changes in African monsoonal circulation strength (Larrasoaña et 
al., 2013; Rossignol-Strick, 1983; Schenau et al., 1999). Mediterranean sapropels, organic-rich 
sediments deposited during humid North African periods, document the occurrence of these 
oscillations but do not give us a quantitative view of possible long-term changes in the amplitude 
of North African wet periods over time. Other North African records, particularly in East Africa, 
suggest long-term aridification and major expansion of arid-adapted C4 vegetation between ~3.5 
– 2 Ma, but the relationship between large orbital-scale forcing and long-term secular climate 
shifts is unknown. In this study, we reconstructed long-term North African climate and 
environments over the last 4.5 Ma to place orbital-scale (~20-kyr) North African paleoclimate 
variability in a long-term context, reconstruct long-term secular changes in North African 
climate and environments, and compared our results with East Africa’s C4 vegetation expansion. 
We present a low-resolution (~0.25 Myr) quantitative reconstruction of North African 
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precipitation and vegetation change since 4.5 Ma from plant leaf wax biomarker carbon and 
hydrogen isotope ratios in eastern Mediterranean sapropels. The relationship between 
precipitation, vegetation, orbital forcing, and other parameters at 400-kyr timescales is explored, 
and compared with our previous orbital-scale leaf wax biomarker study. We found that North 
African (Eastern Saharan) GSPs were dominated by C4 vegetation (averaging 68%) since 4.5 
Ma, with no significant long-term trends and large-amplitude orbital-scale variability. North 
African precipitation was consistently low and stable over the last 4.5 Ma, with orbital 
(precession)-scale variability dominating the record. We found low, insignificant correlations 
between vegetation, precipitation, eccentricity, sediment reflectivity, and Mediterranean sea 
surface temperature variability over the low-resolution sapropel record, but high positive and 
significant correlations between vegetation and precipitation variability in orbital-scale data. 
These results suggest that orbital-scale climate variability has been the dominant pacemaker of 
North African climate and environments since 4.5 Ma, and that no significant secular shifts in 
precipitation or vegetation have occurred over that period. This view of North African climate 
contrasts strongly with that of East Africa, suggesting that the East African aridification and 
Pliocene-Pleistocene C4 vegetation expansion were regional phenomena that are not 
representative of a pan-African signal.  
4.2 Introduction 
Northern Africa is dominated today by the presence of the hyper-arid Sahara Desert, 
Earth’s largest warm desert (> 9,000,000 km2) and a formidable barrier to faunal and human 
migration. Between 15-5 ka, the Sahara was fully vegetated with savannah grassland, bushland, 
and trees, and incised by large river systems and large permanent lakes (Adkins et al., 2006; 
Claussen and Gayler, 1997; Larrasoaña et al., 2013; Pachur and Kröpelin, 1987; Rossignol-
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Strick, 1983; Schenau et al., 1999; Shanahan et al., 2015). This “Green Sahara” period (GSP) 
was the result of increased West African Monsoon (WAM) precipitation across northern Africa 
due to orbital increases in boreal summer insolation that invigorated monsoonal inflows of moist 
maritime air (Kutzbach, 1981; Rossignol-Strick, 1983). Mediterranean sapropels, organic-rich 
sediments deposited during times of Mediterranean stratification from enhanced river runoff 
from the Nile and other north African river networks, document the orbital precession pacing of 
GSPs every ~20 kyr going back at least to 8 – 10 Ma (Figure 4.1; (Larrasoaña et al., 2013; 
Rossignol-Strick et al., 1982; Schenau et al., 1999).  
The regular bedding of these sapropel layers in eastern Mediterranean Pliocene-
Pleistocene marine sequences and exposed in uplifted sections in Sicily and Calabria documents 
that very large hydrological variability, paced by orbital precession, has characterized the 
paleoclimate history of North Africa since the late Miocene (Larrasoaña et al., 2013; Schenau et 
al., 1999). Casteñeda et al. (2009) proposed that multiple phases of human migration out of 
Africa were linked with GSPs over the last 200 kyr, suggesting that these wetter phases were 
important opportunities for migration and expansion throughout human evolutionary history 
(Castañeda et al., 2009a).  
Although the sapropel occurrences qualitatively document pronounced wet-dry cycles 
since at least the late Miocene, there is little quantitative understanding for long-term, secular 
trends in the amplitude of the wet phases. Multiple climate proxy records have suggested that 
East Africa in particular and North African in general became more arid and dominated by C4 
vegetation after ~3.5 Ma (Figure 4.1; Bobe and Behrensmeyer, 2004; deMenocal, 1995; Feakins 
et al., 2013; 2005; Levin, 2015; 2013a). It is well-known that these sapropel layers were 
dominantly paced by orbital precession on ~20 kyr timescales, and that they also exhibit 100- 
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and 400-kyr bundling due to the orbital eccentricity modulation of precession forcing (Lourens et 
al., 1996b; Rossignol-Strick, 1983). There are periods when sapropels may have occurred less 
frequently after 2.6 and 0.9 Ma, suggesting possible decreases in GSP frequency (Emeis et al., 
2000; Larrasoaña et al., 2013; 2003). Unfortunately, occurrences of these sedimentary layers do 
not allow us to understand long-term changes in North African climate during these wet phases 
(Emeis et al., 2000; Larrasoaña et al., 2013). There is an opportunity here to explore secular 
changes and orbital-scale variability of tropical climate, which are already well known for the 
high latitudes (Lisiecki and Raymo, 2005). 
We examine here whether humid GSPs represented by Mediterranean sapropel layers 
exhibit long-term, secular trends in North African environments and climate. To do this, we 
utilize δ13Cwax and δDwax measurements of plant leaf wax biomarker compounds from eastern 
Mediterranean sapropel sediments to quantitatively reconstruct changes in African precipitation 
and vegetation during GSPs spanning the last 4.5 Ma. The objective of this study is to focus on 
the organic-rich sapropel layers that were deposited during known humid phases to see if there is 
evidence for shifts in magnitude of these wet events over time, and to examine the impact of 
orbital eccentricity forcing on North African precipitation and vegetation during the wet events. 
Few long-term, quantitative records of African precipitation exist at present to test hypotheses of 
paleoclimate change, making this study and its approach both novel and useful to the general 
field of African paleoclimate evolution.  
4.3 Background  
4.3.1 North African Climate and Green Sahara Periods 
North Africa spans an impressive gradient in precipitation and vegetation, with wet 
equatorial rainforest environments transitioning to bushland, grassland, and then hyper-arid 
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desert within just fifteen degrees of latitude (Figure 4.2). Over much of North Africa south of 
25°N, precipitation falls primarily during the Northern Hemisphere (NH) summer months as part 
of the West African Monsoon (WAM) system (Nicholson, 2000). As the Sahara desert heats up 
during NH summer, a massive low-pressure cell forms over the continent, and the relatively 
hotter continent draws moisture from the relatively cooler Atlantic Ocean, creating a humid 
southwesterly flow onto the continent that results in abundant rainfall. This flow reverses during 
the NH winter, with NE trade winds blowing dust from the interior desert into the equatorial 
Atlantic (Nicholson, 2000; Ruddiman et al., 1989). In monsoonal regions such as North Africa, 
the Intertropical Convergence Zone (ITCZ) is deformed by the strong monsoonal circulation and 
the monsoonal rainbelt penetrates up to 20°N during the NH summer monsoon (Figure 4.2). The 
monsoonal rainbelt moves south during NH winter, and is positioned over equatorial West Africa 
in the west and over Madagascar in the southeast. NH winter also brings rare precipitation to 
North Africa above 25°N, with most falling along the Mediterranean coastline.  
In contrast with present hyper-aridity, as recently as the mid-Holocene the Sahara desert 
was “green”: covered in grassland, rivers, and lakes that formed as a result of increased WAM 
precipitation over most of North Africa (possibly a >50x increase over the Sahara) (Larrasoaña et 
al., 2013). WAM precipitation is responsive to changes in the seasonality of insolation over time 
due to changes in Earth’s orbital parameters, particularly changes in summer insolation from 
orbital precession (Lourens et al., 1996b; Prell and Kutzbach, 1987; Rossignol-Strick, 1983; 
Tuenter et al., 2003). Summertime insolation maxima increase the African continent-ocean heat 
contrast and strengthen WAM precipitation and its penetration into the continent, which greatly 
increases North African river runoff into the Mediterranean Sea, decreases dust fluxes, and leads 
to widespread savannah grassland across the formerly hyper-arid desert (deMenocal et al., 2000; 
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Edmunds et al., 1979; Lézine et al., 2011; Pachur and Kröpelin, 1987; Rohling et al., 2002; 
Rossignol-Strick, 1983; Watrin et al., 2009). Enhanced precipitation during the mid-Holocene 
GSP rapidly advanced north over ~3 kyr, peaked for ~4 kyr, and gradually retreated from north 
to south in <2 kyr, with potentially rapid local aridification (deMenocal, 2015; Shanahan et al., 
2015).   
There are indications from multiple proxy records that northern and East Africa have 
become increasingly arid on average since the Pliocene, yet these records are limited by 
confounding influences such as wind strength (dust fluxes) or being biased towards particular 
environmental conditions (soil carbonates) (Breecker et al., 2009; McGee et al., 2010; Passey et 
al., 2010). East African records, including terrestrial soil carbonates, tooth enamel, and faunal 
assemblages in addition to marine sediment leaf waxes, pollen, and phytoliths, suggest a major 
expansion in open environments between 4 – 1 Ma (refs in Levin, 2015). Increased dust fluxes 
from the central Sahara into the Atlantic occurred near 2.8, 1.7, and 1.0 Ma, in contrast with dust 
records from the eastern Mediterranean that document fairly constant dust fluxes from the 
Eastern Sahara desert between 3 – 0.95 Ma and a large increase at 0.95 Ma (deMenocal, 2004; 
Larrasoaña et al., 2003).  
Atlantic, Indian Ocean, and Mediterranean dust flux records exhibit large, non-linear 
variability on precession timescales, but these records do not directly measure precipitation 
variability and thus limit interpretations of secular paleoclimate changes (McGee et al., 2010). In 
this study, we explore the relationship between long-term aridification and orbital-scale 
variability in WAM precipitation and NE African vegetation, in order to understand the 
evolution of GSPs since the Pliocene. We also seek to compare GSP precipitation and vegetation 
evolution since 4.5 Ma with East Africa’s C4 expansion, and investigate whether a decline in 
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GSP precipitation contributed to increased Northeast African aridity and the rise of C4 grasslands 
in E Africa. 
4.3.2 Mediterranean Sediment Cycles Track North African Climate 
High North African runoff into the Mediterranean Sea during GSPs creates a freshwater 
“cap” that slows or even shuts down deep circulation, stratifying the basin; this, in combination 
with stimulated primary productivity and organic matter production from high river input of 
nutrients, leads to widespread bottom water anoxia throughout the Mediterranean Sea and the 
formation of dark sediments called sapropels (Bouloubassi et al., 1999; Emeis et al., 2000; 
Menzel et al., 2003; Rossignol-Strick, 1983; Wehausen and Brumsack, 2000; 1999). Average 
duration of sapropel deposition is ~2 – 6 kyr (Lourens et al., 1996a; Nijenhuis and De Lange, 
2000).  
The “barcode” record of Mediterranean sapropels provides one of the best well-dated, 
long-term records of WAM intensity and GSP frequency on timescales relevant to long-term 
human evolution (Larrasoaña et al., 2013; Schenau et al., 1999). Sapropels have been deposited 
regularly every precession cycle with few interruptions since the Miocene (with the exception of 
the Messinian Salinity Crisis between 5.3 – 6 Ma), but a systematic change in GSP frequency 
after 0.9 Ma has been suggested from an apparent decrease in sapropel frequency at numerous 
deep and shallow core locations across the Mediterranean Basin (Emeis et al., 2000; Larrasoaña 
et al., 2013; 2003). Despite tantalizing hints at WAM intensity from sapropel variability, 
however, sapropel deposition is fundamentally a binary “on/off” response to increased WAM 
precipitation and African runoff, with a signal sometimes heavily influenced by post-depositional 
diagenetic changes, and does not necessarily linearly track WAM strength through time (Emeis 
et al., 2000).  
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The sapropel record of the eastern Mediterranean basin is the most complete in the 
region, and presents an unparalleled opportunity to test hypotheses of long-term WAM evolution 
through time when combined with quantitative proxies for precipitation and vegetation. We 
describe the theoretical underpinnings of quantitative leaf wax stable isotope proxies below and 
how we apply these methods to the eastern Mediterranean sapropel record.  
4.3.3 Leaf Wax Stable Isotope Proxies for Climate and Vegetation 
Leaf epicuticular waxes are protective coatings on the surfaces of plant leaves that 
maintain water balance within the plant, and are composed of long, straight-chain or “n” (>21 
carbon atoms, C21) carboxylic acids, alkanes, alcohols, and other hydrocarbon compounds that 
are stable on multi-million year timescales (Brooks and Smith, 1967; Eglinton and Hamilton, 
1967; Eglinton and Eglinton, 2008; Samuels et al., 2008; Sessions et al., 2004). Leaf wax 
“biomarker” stable isotopes (carbon and hydrogen) are being increasingly utilized to construct 
long, quantitative records of vegetation and climate change in Africa due to recent improvements 
in compound-specific isotope analyses (e.g., Dupont et al., 2013; Feakins, 2013; Feakins et al., 
2013; Sessions, 2006). Leaf wax compounds are transported to lake and marine sediments 
through both fluvial and aeolian action, where the biomarkers are easily identifiable through 
characteristic patterns in compound abundance: higher odd-over-even numbered long-chain 
compound patterns in the case of n-alkanes, or even-over-odd patterns for carboxylic “fatty” 
acids and n-alcohols (Eglinton and Hamilton, 1967; Eglinton and Eglinton, 2008).  
Carbon isotope ratios in plant tissues and respired soil CO2 are indicative of the type of 
photosynthetic pathway utilized by the plant (Cerling, 1984; Farquhar et al., 1989; O'Leary, 
1981). The two major photosynthetic pathways utilized by plants are the C3 and C4 pathways 
(Farquhar et al., 1989; Furbank and Taylor, 1995; Sage, 2004). Most plants, including trees, 
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shrubs, and cool season grasses, utilize the C3 pathway, where CO2 is fixed within a single 
chloroplast cell to produce the sugars and other compounds necessary for plant growth (Furbank 
and Taylor, 1995). A major limitation of this pathway is that O2 is also fixed alongside CO2 in a 
competing process called photorespiration, which increases the energy expended by the plant to 
recycle unnecessary byproducts from the photorespiration process and limits plant growth in 
adverse conditions of high light, temperature, and low CO2 (Ehleringer and Cerling, 2002; 
Furbank and Taylor, 1995; Kirschbaum, 1994). C4 photosynthesis is a special adaptation 
involving two chloroplast types and different biogeochemical pathways that act to concentrate 
CO2 at the site of photosynthesis, reducing photorespiration and increasing photosynthesis 
efficiency (Furbank and Taylor, 1995). Because they operate more efficiently at higher 
temperatures and high light environments, C4 plants, dominantly grasses and sedges, have come 
to dominate tropical environments, particularly in arid regions (Ehleringer and Cerling, 2002; 
Sage et al., 1999; Still et al., 2003).  
C3 and C4 plants can be distinguished by the characteristic carbon isotope ratios in their 
tissues: C3 plants tend to be 8-10‰ more negative than C4 plants due to stronger discrimination 
against 13C, with C3 δ13Cwax of leaf wax fatty acids averaging from -35.4‰ and C4 δ13Cwax 
averaging -20.5‰ (Chikaraishi et al., 2004; Schidlowski, 1987). The isotopic divergence 
between photosynthetic pathways derives in part from utilization of different primary 
carboxylating enzymes (Farquhar et al., 1989). By taking advantage of δ13C differences between 
C3 and C4 plants, many workers have successfully measured past vegetation composition from 
leaf wax biomarkers, mammal teeth, soil carbonate, and other repositories (e.g., Cerling et al., 
1997; Feakins et al., 2013; Levin et al., 2008; Uno et al., 2011). African margin aerosol dust and 
marine sediment δ13Cwax has been shown to closely track average vegetation composition (% C4 
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vegetation) on the continent and has been successfully applied through time to reconstruct past 
vegetation changes (Collins et al., 2011; Huang et al., 2000; Rommerskirchen et al., 2003; 
Schefuß et al., 2003a).  
Hydrogen isotopes from leaf waxes (δDwax) have recently been demonstrated to closely 
track the isotopic composition of the plant’s source water (recent summaries can be read in 
Gleixner and Mügler, 2007; Sachse et al., 2012). δDwax variability closely and linearly tracks 
changes in the δD of precipitation (δDP), making it a good proxy for past changes in precipitation 
and climate (Feakins and Sessions, 2010; Garcin et al., 2012b; Hou et al., 2008; Polissar and 
Freeman, 2010). Large changes in δDP have been reconstructed from African leaf wax proxy 
records between dry and wet periods, with more negative δDP during GSPs due to increased 
precipitation and vice-versa (Chapter 3; Collins et al., 2013; Shanahan et al., 2008; Tierney et al., 
2011; Tierney and deMenocal, 2013). δDwax is an excellent and quantitative proxy for more 
directly reconstructing past African precipitation than previous methods, which we will utilize to 
measure changes in WAM strength over time (Methods).  
In this study, we reconstructed GSP vegetation and hydrology (precipitation) over the last 
4.5 Ma by measuring plant leaf wax biomarker δ13C and δD from eastern Mediterranean 
sapropels. We compare this with our previous study of orbital-scale leaf wax δ13C and δD to 
place Eastern Saharan orbital-scale climate and vegetation variability in long-term context, as 
well as to examine the relationship of precipitation and vegetation with 400-kyr eccentricity 






4.4.1 Sampling  
We chose two eastern Mediterranean marine sediment cores, Ocean Drilling Program 
(ODP) Sites 966 and 967, that together contain the complete sequence of sapropel cycles back to 
4.5 Ma (Figures 4.1, 4.2; Sakamoto et al., 1998). ODP Site 966 is located at 33°47.8’N, 32°42’E 
at 927 m water depth on the crest of the Eratosthenes Seamount. We sampled Site 966 from 44.2 
– 66.7 revised meters composite depth (RMCD). ODP Site 967 is located at 34°04’N, 32°43.5’E 
at 2550 m water depth at the base of the northern slope of the Eratosthenes Seamount. Site 967 
was sampled from 1.2 – 91.8 RMCD for this study.  
The provenance of marine sedimentary leaf waxes, particularly the proportions of leaf 
waxes transported via aeolian versus fluvial action, can be challenging to determine given the 
sparse knowledge, at present, of leaf wax transportation pathways and how they differ from 
sediment and pollen transportation. The eastern Mediterranean is dominated by sediment 
deposition from two endmember sources, based on sedimentological and geochemical 
provenance studies: Nile River suspended sediments and eastern Saharan eolian dust deposition 
(Krom et al., 1999a; Revel et al., 2010; Venkatarathnam and Ryan, 1971; Wehausen and 
Brumsack, 1999; Weldeab et al., 2002). In our previous study (Chapter 3), we established that 
eastern Mediterranean biomarkers derive from C4 grass-dominated environments in both wet and 
dry periods (60 – 80% C4) based on orbital-scale sedimentary δ13Cwax and lignin analyses (Figures 
4.3, 4.11). This is consistent with an E Saharan vegetation assemblage, a conclusion also reached 
by other North Africa and Mediterranean vegetation, pollen, and biomarker studies (Jolly et al., 
1998; Lézine et al., 2011; Menzel et al., 2004; Quezel, 1978). It is likely that any biomarkers 
transported alongside sediments from E Africa by the Nile River were progressively replaced by 
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local vegetation downstream, so that eastern Mediterranean sediment biomarkers reflect a 
proximal Eastern Saharan vegetation signal (Galy et al., 2011). 
Sediment samples were taken at the International Ocean Discovery Program (IODP) 
Bremen Core Repository at low temporal resolution (~0.25 Ma). Samples were taken as 
continuous ~1 cm-wide strips down the center of each sapropel, representing an average of 4 kyr 
in duration, and spanning the visible limits of the sapropel (2 – 30 cm length), which were 
identified from ODP Initial Reports and confirmed with core photographs. We targeted both high 
and low eccentricity intervals to capture the full spectrum of eccentricity forcing on African 
vegetation and precipitation (Figure 4.4). These samples will reflect amount-weighted isotope 
(carbon and hydrogen) signals that are biased towards the most organic-rich horizons of the 
sapropel sediments.  
4.4.2 Age Model 
Sample depths (meters below sea floor, MBSF) were converted to the RMCD models for 
ODP Sites 966 and 967 via linear interpolation in Matlab using the MBSF-RMCD model from 
Sakamoto et al., 1998. Both core locations exhibited some overlap in MBSF depths between the 
end of some cores and the beginning of the next moving down-core, while RMCD’s increased 
throughout the repeated interval. These intervals rarely intersected with the sample subset depths, 
so in our model we deleted the repeat MBSF depths from the ends of the stratigraphically higher 
cores, leaving the MBSF-RMCD relationships from the beginning of the lower cores in the 
model. This method might potentially bias age calculations by making samples near the top of 
individual cores appear slightly older due to the “jump” in RMCD space towards 
stratigraphically deeper depths. We measured a single sample intersecting such an interval and 
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adjusted our model to avoid artificial “stretching” of sapropel thickness in RMCD space and 
hence in time.   
Sample ages were calculated by linear interpolation utilizing the astronomically-tuned 
age-depth (RMCD) model of (Emeis et al., 2000). Sapropel ages are assumed to lag summer 
insolation maxima by 3 kyr (Emeis et al., 2000; Hilgen et al., 1993). Both upper and lower ages 
were calculated to determine the age range over which sapropel samples are averaged, and 
midpoint ages were used to plot data (below). Site 967 samples span from 0.008 – 3.139 Ma; 
prior to 3.139 Ma, it is thought that no sapropels are recorded at this deeper location due to 
complete post-depositional oxygenic “burndown” in all deep Mediterranean basins with the 
resumption of deep overturning circulation (Emeis et al., 2000). We sampled nearby ODP Site 
966 to extend the record back to 4.5 Ma, with sampling beginning at 3.037 Ma to compare 
reproducibility of signals from the two core locations.  
4.4.3 Biomarker Analysis 
Sapropel samples were gently hand-crushed in the original sample bags or broken apart 
and homogenized using a solvent-cleaned ceramic mortar and pestle. Lipid biomarkers were 
extracted from samples using a Dionex Accelerated Solvent Extractor (ASE) 350 (9:1 
Dichloromethane:Methanol, 100°C, 1500 p.s.i.). Total Lipid Extracts (TLEs) were then spiked 
with an internal standard mix of lipid compounds of known concentration (5α-androstane; 5β-
cholanic acid; cis-11-eicosenoic acid) and dried gently under N2 gas at 30°C.  
TLEs were loaded onto a solid phase aminopropyl (LC-NH2) column in 2:1 
Dichloromethane:Isopropanol (2:1 DCM:Iso) and separated into neutral, acid, and polar fractions 
(eluted with 4 mL 2:1 DCM:Iso; 4 mL 4% Acetic Acid in Ether; 4 mL methanol, respectively). 
Separated fractions were blown down to dryness under N2 gas. The acid fractions were dissolved 
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in an acidified methanol mixture (dissolved in 0.2 mL DCM, 1 mL 95:5 v/v mixture of 
methanol:acetyl chloride) and placed on a heating block at 60°C overnight to methylate 
carboxylic acid compounds, then extracted with hexane to isolate the methyl esters (~1 mL 
organics-free deionized water, ~1.5 mL hexane, repeated 3 times). Phthalic acid standards were 
methylated alongside samples for eventual determination and correction of δ13C and δD from the 
added methyl group. Saturated fatty acid methyl esters (FAMEs) were separated from other acid 
methyl ester groups on solid phase silica gel columns (Aldrich, 70-230 mesh, 60A; DCM, MeOH 
extracted, activated 2 hours at 200° C). Samples were loaded in hexane onto the silica gel 
columns, and three fractions were collected (eluted with 4mL hexane, 4mL DCM, 4 mL 
methanol). The DCM fractions were dried gently under N2 gas and transferred to 2 mL glass 
vials in hexane for GC analysis.  
FAMEs were characterized with an Agilent GC-MSD/FID (Agilent 7890A GC and 
5975C MSD) with multi-mode inlet (deactivated single-taper liner with wool packing) and DB-5 
ms column (30 m length, 250 μm internal diameter, 0.25 μm phase thickness). One μL of sample 
in hexane was injected splitless into the multi-mode inlet (MMI); MMI temperature was held at 
60°C for 0.1 minutes, and then ramped at 900°C/min. to 320°C where it was held for the 
remaining analysis time. The GC oven temperature was held at 60°C for 1.5 min., ramped at 
15°C/min to 150°C and held for 0 min., then ramped at 4°C/min. to 320°C and held for 10 min. 
The GC-MSD ion source was held at 300°C with an electron energy of 70 eV, and the 
quadrupole temperature was held at 150°C. Compounds were identified by elution time and 
comparison of mass spectra with published patterns (NIST mass spectra library). Peak areas were 
integrated using Chemstation software utilizing total ion traces. Compound abundances were 
quantified by using the 5β-cholanic acid internal standard peak area and known abundance. Leaf 
	 96	
wax compounds were positively identified in samples by their characteristic even-over-odd 
preference and peak in long-chain compounds (Eglinton and Hamilton, 1967).  
4.4.4 Compound-specific Stable Isotope Analysis 
Stable isotopes of the FAMEs (δ13C and δD) were measured with a Thermo Delta V Plus 
Isotope Ratio Mass Spectrometer coupled to a Thermo Trace GC Ultra. The GC oven 
temperature was held at 60°C for 1.5 min., ramped at 15°C/min to 150°C and held for 0 min., 
then ramped at 4°C/min. to 320°C and held for 10 min. Isotope values were adjusted for the 
methyl group addition through mass balance corrections based on measurements of phthalic acid. 
δD measurements are automatically corrected by the operating software for isobaric 
contributions from H3+ produced in the ion source of the mass spectrometer, monitored daily 
(Sessions et al., 2001). 
4.4.5 Stable Isotope Corrections 
The photosynthetic pathway of the plant, water use efficiency, and ambient atmospheric 
CO2 δ13C all combine to influence δ13Cwax values (Farquhar et al., 1989). We corrected δ13Cwax 
values for a -0.5‰ shift in δ13CCO2 since 4.5 Ma to pre-Industrial δ13CCO2 values (-6.5‰) via 
epsilon-based equations (Clark and Fritz, 1997; Francey et al., 1999; Tipple et al., 2010). δ13CCO2 
data were linearly interpolated at average sample ages, and used to correct δ13Cwax values via the 
following equations: 
 
ε-CO2 = ([(1000 + δ13CCO2-past) / (1000 + δ13CCO2-preInd)] – 1)*1000 
 
δ13Cwax_corr = [(1000 + δ13Cwax_measured) / [(ε-CO2/1000) + 1]]*1000  
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Corrected δ13Cwax values (hereafter referred to as δ13Cwax) are lent an additional ±0.34‰ 
uncertainty based on ±90% confidence intervals in Tipple et al. (2010) δ13CCO2 estimates; the 
effect of these corrections on the original data is shown in Figure 4.6. We calculated C4 
vegetation abundance (% C4) from the corrected δ13Cwax data via linear interpolation based on C3 
and C4 C28 FAME endmembers from (Chikaraishi et al., 2004) (-35.4 and -20.5‰, respectively). 
Changes in ice volume over time affect the isotopic composition of rainfall, which in turn 
is recorded by δDwax in lipid biomarkers such as those produced by plants (Mix and Ruddiman, 
1984; Sachse et al., 2004; Sauer et al., 2001). We correct for these changes by utilizing the 
benthic δ18O stack of Lisiecki and Raymo (2005), which records changes in ice volume and deep 
sea surface temperatures over time. To construct the model, we begin by changing the δ18O stack 
to be relative to the modern value, then divide by the last glacial δ18O value (1.79‰) to scale the 
stack to the ice volume component of δ18Oseawater (Schrag et al., 1996).  Next, we calculate 
expected δD changes from ice volume (δDIV), using the observed 8:1 relationship of δD vs δ18O 
in modern precipitation (Dansgaard, 1964; Gat, 1996). The expected δDIV was linearly 
interpolated at sample ages, and ice volume-corrected sample δDwax values (δDIVC) were 
calculated using the epsilon equation (the effect of these corrections on the original data is shown 
in Figure 4.6):  
 
δDIVC = ((1000 + δDwax)/[( δDIV/1000) + 1]) – 1000 
 
Biomarker δ13Cwax values, corrected for changes in δ13CCO2, span a range of 3.7‰ (-26.9 
to -23.2‰) with an average of -25.3‰ over the last 4.5 Ma. There is a negative trend of -0.65‰ 
over the entire record (Figure 4.5) but this is not significant given the large orbital-scale 
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variability (see below). Sample analytical uncertainties were calculated after Polissar and 
D’Andrea (2014), with an average pooled uncertainty (1 standard error of the mean, 1 s.e.m.) of 
±0.18‰. Calculations of C4 plant abundance (% C4) are 67.9% on average, with a range of 
24.88% (56.88 to 81.76% C4; Table 1).  
δDwax values, corrected for changes in ice volume over time, span a range from -162.1 to -
127.8‰, average -144.7‰, and have an average pooled uncertainty of 3.65‰ (Table 1; after 
(Polissar and D’Andrea, 2014). An average increase of 18.5‰ has occurred since 4.5 Ma, with 
consistently positive (> -140‰) δDwax values occurring after 1 Ma (Figure 4.5). 
 
Table 4.1: Sample averages and standard deviations.  
 
 Mean St. Dev. 
δ13Cwax -25.28 0.89 
% C4 67.94 5.97 
δDwax -144.7 10.3 
 
Table 4.2: Pearson’s correlation coefficients and significance levels (r values in bold if p < 0.15) 
with linearly interpolated variables:  
 
r-values δ13Cwax δDwax Ecc.1 Refl.2 Dust3 [C28] Med. SSTs4 
δ13Cwax 1 -0.12 0.12 0.13 0.66 -0.31 0.33 
δDwax -0.12 1 -0.07 0.23 0.49 -0.40 -0.21 
 
p-values δ13Cwax δDwax Ecc. Refl. Dust [C28] Med. SSTs 
δ13Cwax 0 0.60 0.58 0.56 0.004 0.14 0.35 
δDwax 0.60 0 0.74 0.32 0.07 0.06 0.59 
 
1. Eccentricity (Laskar et al., 2004). 2. Sediment reflectivity (L*) (Sakamoto et al., 1998). 3. Dust supply at Site 967 
(IRM0.9T@AF120 mT)(Larrasoaña et al., 2003). 4. Mediterranean sea surface temperatures (Uk’37 index, Müller 
calibration) from 1.525 – 3.5 Ma (Herbert et al., 2015).  
 
4.5 Results 
δ13Cwax data show no significant mean secular shift over the last 4.5 Ma, but vary ~2-3‰ 
around a long-term average of -25.28‰ or 68% C4 vegetation (Figure 4.5). The slight long-term 
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trend of -0.65‰ is much smaller than the observed orbital-scale variability. Long-term sapropel 
δ13Cwax variability (2-3‰ or 15-20% C4) is equally as large as orbital-scale sapropel δ13Cwax 
variability within a single 100-kyr eccentricity cycle (Figure 4.8). The amount-weighted high-
resolution sapropel data scatter both above and below the lower-resolution points in carbon 
isotope space (Figure 4.8). Sapropel C4 abundance varies between ~55 – 80% over the entire 
record, but generally remains high at over 60% during the entire record.  
Surprisingly, there are no strong, significant relationships between δ13Cwax and 
eccentricity forcing, δDwax, sediment reflectivity, or Mediterranean sea surface temperatures 
(SSTs) on timescales of >100-kyr (Table 2; Figures 4.5, 4.10). This findings contrast with the 
results from our high-resolution study (Chapter 3), where the younger period δ13Cwax – δDwax data 
show moderately positive correlation (r = 0.24, p = 0.16) and the older period δ13Cwax – δDwax 
data show high, very significant positive correlation with each other (r = 0.49, p = 0.01). δ13Cwax 
appears to broadly follow eccentricity for some parts of the record but frequent exceptions occur 
(Figure 4.7), for example at 3.037 Ma where δ13Cwax is very positive despite strong eccentricity 
forcing, and at 0.407 Ma where δ13Cwax exhibits its most negative value despite very low 
eccentricity forcing. This is a surprising result given the strong resemblance to precession 
variability apparent in high-resolution data (Figure 4.3). Low-resolution sapropel δ13Cwax data do 
have fairly strong, significant positive and negative correlations with linearly interpolated dust (r 
= 0.66, p = 0.004) and C28 FAME concentrations (r = -0.31, p = 0.14), respectively.  
δDwax data also do not show significant long-term secular changes over the last 4.5 Ma 
(Figure 4.8). In general agreement with the δ13Cwax results, the long-term sapropel δDwax 
variability is no larger than the orbital-scale variability, suggesting that precessional wet-dry 
cycles were the predominant pacemaker of N African paleoclimate variability over the last 4.5 
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Ma (Figure 4.8). The orbital-scale variability is larger than the observed long-term trend of 
+18‰, making it difficult to argue for a significant secular trend in the long-term data. 
The high-resolution data agree well with low-resolution sapropel δDwax values where they 
occur at similar ages. It appears that intervening high-resolution nannofossil ooze sediments all 
exhibit more positive δDwax values than the sapropel periods, in contrast with high-resolution 
δ13Cwax data that scatter both above and below low-resolution sapropel values.  
No strong correlations were found between δDwax and δ13Cwax, eccentricity, sediment 
reflectivity, or Mediterranean SSTs (Table 2, Figure 4.10), which also contrasts with the close 
resemblance of δDwax and precession forcing in the high-resolution dataset (Figure 4.3). Similar 
to δ13Cwax, we found significant and strong positive and negative correlations with dust (r = 0.49, 
p = 0.07) and C28 FAME concentrations (r = -0.40, p = 0.06), respectively (Table 2). 
4.6 Discussion 
4.6.1 Stable, C4-dominated Vegetation in NE Africa  
Eastern Saharan vegetation appears to have been stable and C4-dominated (68% C4 on 
average) over at least the last 4.5 Ma, with no significant trends and large-amplitude orbital-scale 
vegetation variability over time. This implies that mesic, C3-dominated landscapes have not 
existed in the Sahara since 4.5 Ma, even during the most humid cycles. This finding agrees with 
pollen reconstructions of the most recent Holocene GSP that indicate widespread grassland in the 
Eastern Sahara (Jolly et al., 1998). We found that long-term sapropel vegetation variability was 
just as large as orbital-scale inter-sapropel variability (Figure 4.8, red boxes) and orbital-scale 
wet/dry cycle variability (Figure 4.8, black dots), suggesting that orbital-scale vegetation 
oscillations dominate N African environments over time.   
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The long-term stability of Eastern Saharan vegetation contrasts strongly with vegetation 
reconstructions from East Africa and the Gulf of Aden, which point to a major shift from C3- to 
C4-dominated environments after 3.5 Ma (Figure 4.9). Eastern African environments, in contrast, 
became dominated by C4 vegetation at some point prior to 4.5 Ma. Like the eastern 
Mediterranean results, however, the orbital-scale variability of the Gulf of Aden plant wax δ13C 
data is large (Feakins et al., 2013). The observation that higher-resolution C4 abundance data 
scatter both above and below the low-resolution estimates (Figure 4.8; Chapter 3) indicate that 
the temporal resolution of the current approach may not fully capture the range of GSP 
vegetation variability. 
When comparing these results with both Northwest and East African biomarker 
vegetation records (Figure 4.9), we conclude that northern Africa most likely maintained stable 
vegetation assemblages while East Africa transitioned towards more abundant C4 vegetation. 
This shows that East African vegetation records are not indicative of pan-African vegetation or 
climate shifts since the Pliocene, and that East Africa may have experienced a different 
paleoclimatic history relative to North Africa regions since 4.5 Ma.  
The relative apparent stability of NE African vegetation (15-20% C4 fluctuations) 
contrasts with estimates of very large orbital-scale vegetation variability in East Africa. For 
example, paleolake sediments in Olduvai Gorge dating to ~2.0 Ma document periodic vegetation 
shifts from closed C3 forests to open C4 grasslands equal to 100% C4 variability on precession 
timescales, based on leaf wax δ13C estimates (Magill et al., 2013a). Leaf wax-based vegetation 
estimates from the Gulf of Aden, which record an integrated, regional East African signal, 
suggest up to 40% C4 vegetation variability at precessional timescales (Feakins et al., 2013). 
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Sampling additional sapropel intervals at higher temporal resolution would allow for a more 
rigorous analysis of spatial variability in vegetation cycles across North Africa.  
4.6.2 Hydrological Stability in NE Africa since the early Pliocene  
In general agreement with the δ13Cwax results, no significant long-term secular trends in 
Eastern Saharan hydrology were observed since 4.5 Ma, suggesting that low precipitation has 
consistently dominated North African paleoclimate over the last 4.5 Myr. Relatively low GSP 
precipitation since 4.5 Ma is logically consistent with the above finding of C4-dominated 
environments in East Africa over the same period of time, based on modern and Holocene/late 
Pleistocene precipitation-vegetation associations (Garcin et al., 2014; Jolly et al., 1998; 
Larrasoaña et al., 2013).  
Perhaps most importantly, long-term GSP hydrological variability is no larger than the 
orbital scale variability (Figure 4.8), suggesting that precessional wet-dry cycles were the 
predominant pacemaker of North African paleoclimate variability over the last 4.5 Ma. On >100-
kyr timescales, there does not appear to be a strong relationship between precipitation and 
eccentricity forcing. Similar to δ13Cwax, δDwax appears to sometimes follow eccentricity forcing, 
yet exhibits frequent deviations from expected trends (Figure 4.7). This is a surprising result 
given the strong precession pacing in high-resolution data (Figure 4.3).  
We found little correspondence between vegetation and hydrological variability in our 
long-term record of GSP conditions (r = -0.12, p = 0.60), in contrast with significant positive 
correlation between the two variables near 1.7 (r = 0.34, p = 0.16) and 3.0 Ma (r = 0.49, p = 0.01) 
in our past study. However, the two variables exhibited similar shifts where adjacent samples 
were closely spaced in time, e.g. at ~0.215 Ma and ~3.85 Ma, suggesting that vegetation and 
precipitation may indeed co-vary and that their covariance can be observed with sufficiently high 
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sampling density. This would seem to support the interpretation that precessional wet-dry cycles 
were the dominant pacemaker of North African climate and environments since 4.5 Ma.  
At this point in time, no comparable long-term, relatively high-resolution biomarker 
studies of North African precipitation over the last 4.5 Ma exist with which to compare our 
results. However, using the strong orbital-scale relationship of North African precipitation and 
vegetation change, we might speculate that East African precipitation showed similar variability 
to vegetation on orbital timescales, and that as C4 vegetation expanded throughout East Africa 
(Figure 4.1), precipitation also decreased. Strong orbital-scale covariance between precipitation 
and vegetation (and precession-pacing) has already been observed in a terrestrial sedimentary 
sequence from Olduvai Gorge, supporting the interpretation of long-term C4 vegetation shifts as 
indicative of secular precipitation change, which is also indicated by other East African 
paleoclimate records (Levin, 2015; Magill et al., 2013b; 2013a).  
4.7 Conclusions 
We found from our low-resolution analysis of eastern Mediterranean δ13Cwax and δDwax 
that the Eastern Sahara maintained relatively stable, C4-dominated vegetation and low 
precipitation since at least 4.5 Ma, and that precession-scale paleoclimate variability has 
dominated North African climate and vegetation since the early Pliocene. We cannot conclude 
from these findings that declining GSP precipitation contributed to inferred North African aridity 
or changes in Mediterranean sapropel frequency over time (deMenocal, 2004; Emeis et al., 2000; 
Larrasoaña et al., 2013; 2003).  
The finding of stable, C4-dominated vegetation in North Africa since 4.5 Ma shows that 
East Africa’s C4 expansion in the late Pliocene was a regional phenomenon and not 
representative of a pan-North African vegetation shift (Cerling, 1992; Feakins et al., 2013). This 
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implies that East Africa experienced unique regional drivers that drove diverse local 
environments towards more open and dry conditions after 3.5 Ma (Levin, 2015). This conclusion 
will assist climate modelers with assessing mechanisms for East African aridification since the 
early Pliocene, as well as provide a more complete picture of the North African landscapes in 
which human evolution took place (e.g., (Brierley and Fedorov, 2010; Cane and Molnar, 2001; 
Castañeda et al., 2009a; Levin, 2015).  
Future work on this project will include increasing sample resolution to robustly test 
relationships between eccentricity forcing, vegetation, precipitation, and other climatic proxy 
records. This will allow us to assess changes in GSP variability and relationships with 
eccentricity forcing over time, as well as the possible shift towards more arid conditions in the 
Eastern Sahara after 1 Ma. By comparing higher-resolution hydrological variability from δDwax 
with estimates of annual precipitation from terrestrial paleoclimate records since the last 
interglacial (Larrasoaña et al., 2013), we may be able to truly quantify changes in precipitation in 
Northern Africa since the early Pliocene. 
4.8 Figure Captions 
Figure 4.1. Expansion of East African C4 vegetation since 3.5 Ma. Orbital eccentricity (A; 
Laskar et al., 2004) is thought to be a significant influence on northern African precipitation 
through time. This influence is observed in Mediterranean sapropel records (B; compiled from 
marine and terrestrial sections from Lourens et al., 1996, Kroon et al., 1998), which document 
the occurrence of humid periods across northern Africa every ~20 kyr since 10 Ma. 
Superimposed on the periodic nature of humid or “Green Sahara” periods is the observation of 
expanding open, C4-dominated environments in East Africa after ~3 Ma. Three lines of evidence 
are presented here as examples of East Africa’s C4 expansion: C) δ13Cwax from leaf wax 
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biomarkers from Site 231, Gulf of Aden record an integrated vegetation signal from East Africa 
(Feakins et al., 2013). D) Northeast African soil carbonate δ13C from Ethiopia (Levin, 2013). E) 
Relative abundance of arid grassland-adapted mammals (Bobe and Behrensmeyer, 2004).  
 
Figure 4.2: Marine sediment core locations and terrestrial soil carbonate region referenced in this 
study. We sampled sapropels from Ocean Drilling Program Sites 966 and 967 (red stars) on the 
Eratosthenes Seamount in the eastern Mediterranean. Eastern Mediterranean sediments are 
dominated by Nile River sediment and aeolian dust fluxes from North Africa. North Africa has a 
large precipitation and vegetation gradient from the equator to the Mediterranean coastline to the 
north; precipitation over most of North Africa falls in the Northern Hemisphere summer as part 
of the West African Monsoon system and the movement of the Intertropical Convergence Zone 
(black dashed lines; White, 1983; Nicholson, 2000). Major modern dust-producing areas are 
after Revel et al. (2010) and (Koren et al., 2006). 
 
Figure 4.3. Precessional forcing is the dominant influence on sediment reflectivity, sedimentary 
leaf wax concentrations, Eastern Saharan vegetation and precipitation (δ13Cwax and δDwax, 
respectively), and Mediterranean surface conditions (δ18O from G. ruber) in these high-
resolution samples from ODP Site 967 (Chapter 3). Eccentricity forcing may also be an influence 
on vegetation and precipitation, particularly from 3 – 3.1 Ma. There is no average difference in 
African vegetation or precipitation strength from the older to the younger interval, suggesting no 
long-term changes in Eastern Saharan environments between those two periods of time, in 
contrast with East African vegetation records (see Figure 4.1). This observation created impetus 
to collect the long-term records reported below.  
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Figure 4.4. Sample ages and eccentricity (Laskar et al., 2011). Both high and low eccentricity 
intervals were targeted to capture the full range of eccentricity forcing.  
 
Figure 4.5. Results of this study. Global climate has cooled since the late Pliocene, with the 
Northern Hemisphere glaciating ca. 2.6 Ma and a shift from 40-kyr to 100-kyr frequencies 
dominating ice volume between 1.2 – 0.9 Ma (top panel; Lisiecki and Raymo, 2005). 
Eccentricity influences African climate dominantly by modulating precession forcing and 
seasonality of insolation (Laskar et al., 2011; Lourens et al., 1996b). Eastern Saharan vegetation 
was comprised of ~68% C4 on average since 4.5 Ma, with no long-term trends (δ13Cwax; 967 
samples shown by green circles, 966 samples by green triangles). Eastern Saharan precipitation 
does not show strong long-term trends, but does have consistently more positive isotopic values 
after 1 Ma (δDwax; 967 samples shown by blue circles, 966 samples by blue triangles). Dust 
fluxes from ODP Site 967 document a strong increase in dust transport into the E. Mediterranean 
after 1 Ma (Larrasoaña et al., 2003). C28 FAME concentrations (ng/g sediment) are plotted in the 
bottom panel (967 samples shown by black circles, 966 samples shown by black triangles). 
 
Figure 4.6. Effect of CO2 and ice volume corrections on δ13Cwax and δDwax, respectively (see 
methods for details of corrections).   
 
Figure 4.7. Eccentricity, vegetation, and precipitation changes since 4.5 Ma. Eccentricity  
(Laskar et al., 2004) appears to sometimes covary with vegetation and precipitation, but there are 
frequent exceptions where both parameters behave in the opposite way as that expected. With 
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increased sample resolution, it will be possible to robustly test forcing relationships among the 
variables. 
 
Figure 4.8. Large orbital-scale variability versus long-term trends. Long-term data are plotted 
above (see Figure 4.5 for color scale) with high-resolution data from Chapter 3 (black dots are 
individual measurements from all high-resolution samples, red squares indicate amount-weighted 
sapropel values). The presence of somewhat large variability in the high-resolution data makes it 
likely that similarly large variability may exist in long-term data as well, and that our sampling 
approach biases the signals above. We are unable to conclude that significant long-term trends 
are present in δ13Cwax and δDwax.  
 
Figure 4.9. Comparison of Eastern Mediterranean δ13Cwax with Equatorial African δ13Cwax  (ODP 
Site 959; Chapter 2), W Saharan δ13Cwax (ODP Site 659; Chapter 2), Gulf of Aden δ13Cwax (DSDP 
Site 231; (Feakins et al., 2013), and East African soil carbonate δ13C records (Levin, 2013). 
Eastern Mediterranean records indicate stable vegetation in the Eastern Sahara since 4.5 Ma, 
which is also mirrored in the equatorial West African record from ODP Site 959. The Western 
Sahara shows a slight positive trend from ODP Site 659, but this may be due to orbital-scale 
variability and low sampling bias (Chapter 2). The Gulf of Aden DSDP Site 231 and East 
African soil carbonate records, by contrast, show significant positive trends in δ13C, indicating 
that this region underwent unique environmental changes not experienced by other regions of 
North Africa since the early Pliocene. 
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Figure 4.10. Comparison of isotope data from this study with eccentricity, sediment reflectivity 
(L*), eastern Mediterranean dust, FAME concentrations (ng/g sediment), and Mediterranean sea 
surface temperatures linearly interpolated at sample ages (Herbert et al., 2015; Larrasoaña et al., 
2003; Laskar et al., 2011; Sakamoto et al., 1998). 
 
Figure 4.11. Site 967 lignin analyses support an E. Saharan vegetation source. Site 967 lignin 
phenol data are compared above with published syringyl/vanillyl (S/V) versus cinnamyl/vanillyl 
(C/V) data from modern plants and a coastal Cyprus marine sediment core located just north of 
the Eratosthenes Seamount (Bianchi et al., 1999; Hedges and D. C. Mann, 1979). Grasses exhibit 
high C/V ratios relative to gymnosperm and angiosperm trees (Hedges et al., 1986). Site 967 
samples exhibit high C/V ratios and relatively low S/V ratios, indicating a grass-dominated 





























































































































































































































































































































































































 Figure 4.7 
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Appendix 1: Chapter 2 Data 
 
Table A1.1 Sample n-alkane concentrations (ng/g sediment) 
 
Sample Weight Sed (g) [C27] [C29] [C31] [C33] [C35] 
659A1H1, 6-8.5 cm 25.42 28 52 73 32 5 
659A1H4, 56-60 cm 28.62 12 25 36 14 2 
659C2H1, 83-85.5 cm 25.29 7 14 22 8 1 
659A3H5, 17-19.5 cm 32.07 nd nd nd nd nd 
659B4H3, 85-87.5 cm 25.72 35 71 106 64 13 
659B5H3, 58-61 cm 33.03 nd nd nd nd nd 
659B6H2, 84-86.5 cm 35.24 52 94 146 89 19 
659B6H3, 7.5-10 cm 35.31 nd nd nd nd nd 
659B6H4, 134-136.5 cm 27.12 nd nd nd nd nd 
659A7H3, 68-71 cm 28.54 40 69 95 63 12 
659B8H1, 22-24.5 cm 24.83 nd nd nd nd nd 
659B8H6, 147-150 cm 21.02 8 15 30 20 3 
659A9H4, 147.5-150 cm 30.26 nd nd nd nd nd 
659A10H4, 68-71 cm 27.99 25 49 76 49 10 
659C5H2, 7-9.5 cm 27.73 1 20 29 15 5 
659C6H2, 119-122 cm 31.59 nd nd nd nd nd 
659B15H1, 15-17.5 cm 21.47 nd nd nd nd nd 
659B15H7, 37.5-40 cm 31.17 42 86 162 87 17 
659B16H1, 114-117 cm 26.22 nd nd nd nd nd 
659B16H3, 118-121 cm 32.01 nd nd nd nd nd 
659B16H5, 74.5-77 cm 22.97 10 19 31 19 4 
659B16H7, 27-30 cm 34.31 nd nd nd nd nd 
659B17H2, 82-84.5 cm 37.68 nd nd nd nd nd 
659B17H5, 52-54.5 cm 36.36 23 44 71 36 8 
659B18H2, 63-67 cm 21.16 18 35 64 32 6 
659B18H5, 138.5-141 cm 32.15 37 65 100 53 12 
659B19H3, 14-16 cm 36.75 nd nd nd nd nd 
659B19H4, 71-73.5 cm 33.78 nd nd nd nd nd 
659B19H5, 129-132 cm 33.02 27 55 93 54 13 
659B19H6, 129-132 cm 37.94 nd nd nd nd nd 
659C7H2, 54-56.5 cm 39.08 nd nd nd nd nd 
659C7H3, 104-106.5 cm 49.35 12 28 48 25 7 
659A20H3, 20-22.5 cm 48.68 29 59 102 54 11 
659A20H5, 14-16 cm 33.03 33 67 114 57 11 
	 137	
659A20H7, 8-10.5 cm 43.53 12 25 44 22 9 
659C8H4, 25-27.5 cm 52.77 4 8 13 6 2 
659C8H4, 35-37.5 cm 43.23 9 20 35 17 5 
659C8H5, 39-42 cm 32.75 9 21 38 20 8 
659C8H6, 8-10.5 cm 35.98 9 20 38 20 4 
659A22X1, 4-6.5 cm 35.93 6 17 34 21 6 
659A22X1, 40-42.5 cm 12.00 23 74 154 94 19 
659A22X4, 109-111.5 cm 39.47 14 31 52 25 5 
659A23X4, 41-43.5 cm 33.68 12 29 50 43 14 
659A23X4, 67.5-70 cm 35.21 nd nd nd nd nd 
659A23X4, 93.5-96 cm 46.84 21 54 95 66 19 
659A23X4, 99-101.5 cm 12.40 51 163 341 216 51 
659A23X4, 116.5-119 cm 30.73 15 36 61 51 17 
659A23X5, 3-5.5 cm 72.10 nd nd nd nd nd 
659A23X5, 15-17.5 cm 54.34 nd nd nd nd nd 
659A23X5, 27-29.5 cm 33.04 21 46 65 40 12 
659A23X5, 141-143.5 cm 33.41 nd nd nd nd nd 
659A23X6, 30-33 cm 32.79 nd nd nd nd nd 
659A24X1, 57-59.5 cm 23.17 12 32 49 25 6 
659A25X1, 79-81.5 cm 43.72 4 11 13 6 2 
659A25X3, 139-142 cm 18.99 15 35 40 19 5 
659A25X5, 19-22 cm 42.45 97 251 302 147 39 
659A27X1, 74-77 cm 24.80 15 22 27 12 3 
659A27X2, 74-76.5 cm 41.22 10 16 20 8 5 
659A27X3, 74-76.5 cm 45.20 11 19 21 11 6 
659A27X6, 36-38.5 cm 37.57 3 4 4 1 nd 
659A27X6, 48-50.5 cm 48.52 nd nd nd nd nd 
659A27X6, 59-61.5 cm 39.69 2 3 3 1 nd 
959A1H1, 2-2.5 cm 8.47 53 136 118 49 30 
959A1H4, 34-36.5 cm 21.58 150 361 396 217 85 
959A2H1, 59-61.5 cm 10.61 74 173 204 123 59 
959A2H4, 61.5-64 cm 25.43 34 98 96 47 22 
959A3H3, 137-139.5 cm 6.80 63 116 180 155 57 
959A3H4, 129-131.5 cm 15.08 52 109 123 75 67 
959A3H5, 121-123.5 cm 26.70 61 161 199 163 86 
959A3H7, 35-37.5 cm n.d. nd nd nd nd nd 
959A4H4, 9-11.5 cm 27.94 21 57 73 43 15 
959A4H6, 129-131.5 cm 17.31 29 43 56 40 18 
959A5H6, 109-111.5 cm 35.79 28 64 94 60 18 
959A6H1, 91-93.5 cm 31.64 41 84 127 87 29 
	 138	
959A6H3, 139-141.5 cm 41.47 24 55 77 52 16 
959A6H4, 106-108.5 cm 24.82 30 57 71 45 17 
959A6H6, 74-77 cm 40.45 22 47 71 46 13 
959A7H2, 3-5.5 cm 40.60 36 79 109 69 16 
959A7H3, 134-136.5 cm 32.98 42 104 153 95 23 
959A8H1, 69-73 cm 18.03 23 51 58 33 14 
959A9H1, 104-107 cm 37.62 28 101 126 61 12 
959A9H4, 84-87 cm 34.26 41 85 113 69 24 
959A9H5, 59-61.5 cm 34.48 22 52 74 43 11 
959A10H1, 62-64.5 cm 33.20 25 51 67 39 11 
959A11H1, 88.5-91 cm n.d. nd nd nd nd nd 
959A12H1, 123-125.5 cm 48.74 29 64 77 45 10 
959A12H2, 66-68.5 cm 20.26 21 41 45 27 11 
959A12H3, 10-12.5 cm 37.57 16 37 45 26 6 
959A12H6, 46-48.5 cm 43.62 29 77 92 54 13 
959A13H3, 130-132.5 cm 44.62 11 25 34 17 5 
959A14H1, 63-66 cm 33.41 27 77 107 61 14 
959A14H5, 130-135 cm 24.41 9 16 22 12 7 
959A15H2, 104-106.5 cm 31.28 51 117 140 85 21 
959A15H3, 142-144.5 cm 44.76 6 14 20 8 0 
959A15H5, 137-139.5 cm 50.48 20 53 67 31 5 
959A16H1, 108-110.5 cm 50.59 42 113 152 82 13 
959A16H3, 110-112.5 cm 27.41 39 102 133 77 21 
959A16H5, 56-58.5 cm 47.10 37 119 136 69 13 
959A16H6, 34-36.5 cm 46.22 33 139 161 81 16 
959A17H1, 124-126.5 cm 27.61 10 25 35 20 7 
959A17H4, 133-135.5 cm 55.41 24 59 84 49 10 
959A18H1, 66-69 cm 20.00 32 78 112 66 23 
959A18H4, 53-55.5 cm 44.15 18 56 78 44 9 
959A18H6, 10-12.5 cm 26.29 14 27 43 26 9 
959A19H1, 76.5-79 cm 24.28 10 18 26 16 7 
959A19H2, 62.5-65 cm 40.24 49 109 151 106 36 
959A19H3, 44.5-47 cm 52.96 35 69 94 63 18 
959A19H5, 2-4.5 cm 47.76 21 45 61 37 14 
959A19H7, 24-26.5 cm 47.37 20 46 64 41 12 
959A20X2, 135-137.5 cm 20.24 17 25 34 21 16 
959A20X5, 7-9.5 cm 30.61 12 22 37 24 8 
959A20X7, 29-31.5 cm 25.85 4 8 11 7 5 
959A21X3, 4-6.5 cm 29.48 16 24 38 25 8 
959A21X5, 15-17.5 cm 34.23 19 46 80 50 20 
	 139	
959A21X6, 92-94.5 cm 28.81 11 32 51 35 14 
959A22X3, 45-47.5 cm 15.51 23 28 53 46 3 
959A22X6, 58-62 cm 26.29 22 56 63 35 14 
959A23X3, 52-54.5 cm 16.27 9 13 19 14 8 
959A23X6, 55-57.5 cm 20.64 8 23 43 32 8 
959A24X3, 63-65.5 cm 18.20 19 40 74 58 23 
959A24X5, 86-88.5 cm 25.43 7 19 28 22 7 
959A25X6, 129-131.5 cm 22.75 4 7 11 7 4 
959A27X1, 46-48.5 cm 24.79 3 12 23 16 4 
959A28X2, 33-35.5 cm 19.08 16 31 54 36 16 
959A29X3, 30-32.5 cm 20.19 28 69 97 63 16 
959A30X4, 27-29.5 cm 20.49 27 202 348 170 34 








   
sd 
   Sample C27 C29 C31 C33 C35 C27 C29 C31 C33 C35 
659A1H1, 6-8.5 cm -25.5 -27.8 -26.5 -24.9 nd 0.2 0.2 0.2 0.2 nd 
659A1H4, 56-60 cm -25.8 -27.5 -26.1 -25.1 nd 0.2 0.2 0.2 0.2 nd 
659C2H1, 83-85.5 cm -26.3 -27.9 -25.0 -23.8 nd 0.2 0.2 0.2 0.2 nd 
659A3H5, 17-19.5 cm nd nd nd nd nd nd nd nd nd nd 
659B4H3, 85-87.5 cm -23.1 -26.3 -24.3 -22.4 nd 0.2 0.2 0.2 0.2 nd 
659B5H3, 58-61 cm nd nd nd nd nd nd nd nd nd nd 
659B6H2, 84-86.5 cm -23.2 -26.5 -26.3 -24.7 -24.2 0.2 0.2 0.2 0.2 0.3 
659B6H3, 7.5-10 cm nd nd nd nd nd nd nd nd nd nd 
659B6H4, 134-136.5 cm nd nd nd nd nd nd nd nd nd nd 
659A7H3, 68-71 cm -23.8 -26.1 -25.0 -23.4 nd 0.2 0.2 0.2 0.2 nd 
659B8H1, 22-24.5 cm nd nd nd nd nd nd nd nd nd nd 
659B8H6, 147-150 cm nd -25.0 -24.7 -23.5 nd nd 0.2 0.2 0.2 nd 
659A9H4, 147.5-150 cm nd nd nd nd nd nd nd nd nd nd 
659A10H4, 68-71 cm -24.0 -26.5 -26.1 -24.9 nd 0.2 0.2 0.2 0.2 nd 
659C5H2, 7-9.5 cm -24.3 -26.3 -25.8 -24.6 -22.5 0.3 0.2 0.2 0.2 0.3 
659C6H2, 119-122 cm -24.9 -26.8 -26.7 -25.1 -23.1 0.3 0.3 0.3 0.3 0.3 
659B15H1, 15-17.5 cm nd nd nd nd nd nd nd nd nd nd 
659B15H7, 37.5-40 cm -24.0 -26.6 -26.1 -24.9 nd 0.2 0.2 0.2 0.2 nd 
659B16H1, 114-117 cm nd nd nd nd nd nd nd nd nd nd 
659B16H3, 118-121 cm nd nd nd nd nd nd nd nd nd nd 
659B16H5, 74.5-77 cm nd -27.4 -27.3 -25.9 nd nd 0.2 0.2 0.2 nd 
659B16H7, 27-30 cm nd nd nd nd nd nd nd nd nd nd 
659B17H2, 82-84.5 cm nd nd nd nd nd nd nd nd nd nd 
659B17H5, 52-54.5 cm nd nd -26.7 nd nd nd nd 0.3 nd nd 
659B18H2, 63-67 cm -24.2 -27.0 -27.1 -24.9 nd 0.3 0.3 0.3 0.3 nd 
659B18H5, 138.5-141 cm -24.6 -27.5 -28.2 -25.8 nd 0.2 0.2 0.2 0.2 nd 
659B19H3, 14-16 cm nd nd nd nd nd nd nd nd nd nd 
659B19H4, 71-73.5 cm nd nd nd nd nd nd nd nd nd nd 
659B19H5, 129-132 cm -25.2 -27.9 -29.1 -26.6 nd 0.2 0.2 0.2 0.2 nd 
659B19H6, 129-132 cm nd nd nd nd nd nd nd nd nd nd 
659C7H2, 54-56.5 cm nd nd nd nd nd nd nd nd nd nd 
659C7H3, 104-106.5 cm -28.0 -29.3 -30.2 -28.8 -25.7 0.3 0.3 0.3 0.3 0.3 
659A20H3, 20-22.5 cm -25.8 -27.2 -28.0 -26.8 nd 0.3 0.3 0.3 0.3 nd 
659A20H5, 14-16 cm -27.3 -28.8 -29.7 -28.3 nd 0.2 0.2 0.2 0.2 nd 
659A20H7, 8-10.5 cm -27.4 -28.7 -29.7 -29.2 -27.1 0.3 0.3 0.3 0.3 0.3 
	 141	
659C8H4, 25-27.5 cm -27.8 -28.2 -30.3 -29.6 -27.4 0.3 0.3 0.3 0.3 0.3 
659C8H4, 35-37.5 cm -28.7 -28.9 -30.9 -30.0 -28.9 0.3 0.3 0.3 0.3 0.3 
659C8H5, 39-42 cm -29.6 -30.2 -30.9 -31.0 -28.9 0.3 0.3 0.3 0.3 0.3 
659C8H6, 8-10.5 cm -29.7 -30.8 -31.1 -31.6 nd 0.2 0.2 0.2 0.2 nd 
659A22X1, 4-6.5 cm nd -29.9 -31.0 -31.1 nd nd 0.3 0.2 0.2 nd 
659A22X1, 40-42.5 cm nd -30.1 -31.1 -31.5 nd nd 0.2 0.2 0.2 nd 
659A22X4, 109-111.5 cm -30.3 -30.2 -31.5 -32.1 -31.0 0.3 0.3 0.3 0.3 0.3 
659A23X4, 41-43.5 cm nd -29.9 -30.9 -31.3 -30.5 nd 0.2 0.2 0.2 0.2 
659A23X4, 67.5-70 cm nd nd nd nd nd nd nd nd nd nd 
659A23X4, 93.5-96 cm -29.4 -30.0 -30.9 -31.2 -30.5 0.2 0.2 0.2 0.2 0.2 
659A23X4, 99-101.5 cm nd nd nd nd nd nd nd nd nd nd 
659A23X4, 116.5-119 cm -29.2 -30.2 -31.0 -31.4 -31.0 0.3 0.2 0.2 0.2 0.2 
659A23X5, 3-5.5 cm nd nd nd nd nd nd nd nd nd nd 
659A23X5, 15-17.5 cm nd nd nd nd nd nd nd nd nd nd 
659A23X5, 27-29.5 cm -29.4 -30.7 -31.0 -31.4 -30.0 0.2 0.2 0.2 0.2 0.2 
659A23X5, 141-143.5 cm nd nd nd nd nd nd nd nd nd nd 
659A23X6, 30-33 cm nd nd nd nd nd nd nd nd nd nd 
659A24X1, 57-59.5 cm nd -29.6 -30.3 -30.8 nd nd 0.2 0.2 0.3 nd 
659A25X1, 79-81.5 cm nd -29.2 -30.1 -30.1 nd nd 0.3 0.3 0.3 nd 
659A25X3, 139-142 cm nd -29.7 -30.5 -30.8 nd nd 0.3 0.3 0.3 nd 
659A25X5, 19-22 cm -28.5 -29.4 -30.2 -30.2 nd 0.2 0.2 0.2 0.2 nd 
659A27X1, 74-77 cm -30.0 -29.9 -31.0 -31.2 nd 0.3 0.2 0.2 0.3 nd 
659A27X2, 74-76.5 cm -29.3 -30.6 -31.7 -31.9 nd 0.3 0.3 0.3 0.3 0.3 
659A27X3, 74-76.5 cm -31.0 -30.6 -31.5 -31.3 nd 0.3 0.3 0.3 0.3 0.3 
659A27X6, 36-38.5 cm -29.3 -30.3 -31.2 nd nd 0.3 0.3 0.3 nd nd 
659A27X6, 48-50.5 cm nd nd nd nd nd nd nd nd nd nd 
659A27X6, 59-61.5 cm -29.9 -31.9 -32.0 nd nd 0.3 0.3 0.3 nd nd 
959A1H1, 2-2.5 cm -25.7 -29.8 -27.6 -25.3 -25.6 0.2 0.2 0.2 0.2 0.3 
959A1H4, 34-36.5 cm nd nd nd nd nd nd nd nd nd nd 
959A2H1, 59-61.5 cm nd nd nd nd nd nd nd nd nd nd 
959A2H4, 61.5-64 cm nd nd nd nd nd nd nd nd nd nd 
959A3H3, 137-139.5 cm nd nd nd nd nd nd nd nd nd nd 
959A3H4, 129-131.5 cm nd nd nd nd nd nd nd nd nd nd 
959A3H5, 121-123.5 cm nd nd nd nd nd nd nd nd nd nd 
959A3H7, 35-37.5 cm nd nd nd nd nd nd nd nd nd nd 
959A4H4, 9-11.5 cm -27.5 -31.3 -30.6 -28.2 -25.4 0.2 0.2 0.2 0.2 0.2 
959A4H6, 129-131.5 cm nd nd nd nd nd nd nd nd nd nd 
959A5H6, 109-111.5 cm nd nd nd nd nd nd nd nd nd nd 
959A6H1, 91-93.5 cm nd nd nd nd nd nd nd nd nd nd 
959A6H3, 139-141.5 cm -25.3 -30.4 -28.7 -26.7 -24.9 0.2 0.2 0.2 0.2 0.2 
	 142	
959A6H4, 106-108.5 cm nd nd nd nd nd nd nd nd nd nd 
959A6H6, 74-77 cm nd nd nd nd nd nd nd nd nd nd 
959A7H2, 3-5.5 cm nd nd nd nd nd nd nd nd nd nd 
959A7H3, 134-136.5 cm -25.8 -29.4 -29.2 -27.7 -26.4 0.3 0.3 0.3 0.3 0.3 
959A8H1, 69-73 cm nd nd nd nd nd nd nd nd nd nd 
959A9H1, 104-107 cm nd nd nd nd nd nd nd nd nd nd 
959A9H4, 84-87 cm nd nd nd nd nd nd nd nd nd nd 
959A9H5, 59-61.5 cm nd nd nd nd nd nd nd nd nd nd 
959A10H1, 62-64.5 cm nd nd nd nd nd nd nd nd nd nd 
959A11H1, 88.5-91 cm nd nd nd nd nd nd nd nd nd nd 
959A12H1, 123-125.5 cm -26.3 -30.2 -30.5 -28.8 -27.5 0.3 0.3 0.3 0.3 0.3 
959A12H2, 66-68.5 cm nd nd nd nd nd nd nd nd nd nd 
959A12H3, 10-12.5 cm nd nd nd nd nd nd nd nd nd nd 
959A12H6, 46-48.5 cm -27.3 -30.8 -31.4 -30.0 nd 0.2 0.2 0.2 0.2 nd 
959A13H3, 130-132.5 cm nd nd nd nd nd nd nd nd nd nd 
959A14H1, 63-66 cm -29.7 -31.2 -32.4 -32.4 nd 0.2 0.2 0.2 0.2 nd 
959A14H5, 130-135 cm nd nd nd nd nd nd nd nd nd nd 
959A15H2, 104-106.5 cm -25.6 -29.7 -29.0 -27.2 nd 0.3 0.3 0.3 0.3 nd 
959A15H3, 142-144.5 cm nd nd nd nd nd nd nd nd nd nd 
959A15H5, 137-139.5 cm -29.0 -30.6 -31.8 -32.6 nd 0.2 0.2 0.2 0.2 nd 
959A16H1, 108-110.5 cm nd nd nd nd nd nd nd nd nd nd 
959A16H3, 110-112.5 cm nd nd nd nd nd nd nd nd nd nd 
959A16H5, 56-58.5 cm -29.0 -30.6 -31.9 -32.5 nd 0.2 0.2 0.2 0.2 nd 
959A16H6, 34-36.5 cm -29.2 -30.4 -31.8 -32.2 nd 0.3 0.3 0.3 0.3 nd 
959A17H1, 124-126.5 cm nd nd nd nd nd nd nd nd nd nd 
959A17H4, 133-135.5 cm nd nd nd nd nd nd nd nd nd nd 
959A18H1, 66-69 cm nd nd nd nd nd nd nd nd nd nd 
959A18H4, 53-55.5 cm nd nd nd nd nd nd nd nd nd nd 
959A18H6, 10-12.5 cm nd nd nd nd nd nd nd nd nd nd 
959A19H1, 76.5-79 cm nd nd nd nd nd nd nd nd nd nd 
959A19H2, 62.5-65 cm -29.1 -29.8 -31.6 -32.1 -30.7 0.3 0.3 0.3 0.3 0.4 
959A19H3, 44.5-47 cm nd nd nd nd nd nd nd nd nd nd 
959A19H5, 2-4.5 cm nd nd nd nd nd nd nd nd nd nd 
959A19H7, 24-26.5 cm nd nd nd nd nd nd nd nd nd nd 
959A20X2, 135-137.5 cm nd nd nd nd nd nd nd nd nd nd 
959A20X5, 7-9.5 cm nd -30.3 -31.4 -32.1 -30.4 nd 0.3 0.3 0.3 0.3 
959A20X7, 29-31.5 cm nd nd nd nd nd nd nd nd nd nd 
959A21X3, 4-6.5 cm nd nd nd nd nd nd nd nd nd nd 
959A21X5, 15-17.5 cm nd nd nd nd nd nd nd nd nd nd 
959A21X6, 92-94.5 cm nd nd nd nd nd nd nd nd nd nd 
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959A22X3, 45-47.5 cm nd nd nd nd nd nd nd nd nd nd 
959A22X6, 58-62 cm nd nd nd nd nd nd nd nd nd nd 
959A23X3, 52-54.5 cm nd nd nd nd nd nd nd nd nd nd 
959A23X6, 55-57.5 cm nd nd nd nd nd nd nd nd nd nd 
959A24X3, 63-65.5 cm nd nd nd nd nd nd nd nd nd nd 
959A24X5, 86-88.5 cm nd nd nd nd nd nd nd nd nd nd 
959A25X6, 129-131.5 cm nd nd nd nd nd nd nd nd nd nd 
959A27X1, 46-48.5 cm nd -30.3 -32.1 -33.0 -30.9 nd 0.3 0.3 0.3 0.3 
959A28X2, 33-35.5 cm nd nd nd nd nd nd nd nd nd nd 
959A29X3, 30-32.5 cm nd nd nd nd nd nd nd nd nd nd 
959A30X4, 27-29.5 cm nd nd nd nd nd nd nd nd nd nd 










     Sample C27 C29 C31 C33 C27 C29 C31 C33 
659A1H1, 6-8.5 cm -122.2 -125.6 -135.9 -138.8 6.5 5.8 5.7 5.7 
659A1H4, 56-60 cm nd -111.0 -125.5 nd nd 5.9 5.8 nd 
659C2H1, 83-85.5 cm -122.2 -126.3 -130.7 -140.4 6.5 6.5 5.8 6.4 
659A3H5, 17-19.5 cm nd nd nd nd nd nd nd nd 
659B4H3, 85-87.5 cm -122.4 -122.2 -135.7 -143.8 6.5 5.8 5.8 5.7 
659B5H3, 58-61 cm nd nd nd nd nd nd nd nd 
659B6H2, 84-86.5 cm nd -126.5 -135.9 -139.6 nd 5.8 5.3 6.4 
659B6H3, 7.5-10 cm nd nd nd nd nd nd nd nd 
659B6H4, 134-136.5 cm nd nd nd nd nd nd nd nd 
659A7H3, 68-71 cm -123.0 -130.2 -142.4 -148.5 5.8 5.8 5.7 5.7 
659B8H1, 22-24.5 cm nd nd nd nd nd nd nd nd 
659B8H6, 147-150 cm nd nd -145.8 nd nd nd 6.4 nd 
659A9H4, 147.5-150 cm nd nd nd nd nd nd nd nd 
659A10H4, 68-71 cm nd nd nd nd nd nd nd nd 
659C5H2, 7-9.5 cm nd -127.9 -141.3 -143.4 nd 6.5 5.7 5.7 
659C6H2, 119-122 cm nd nd -136.7 -136.6 nd nd 5.7 6.5 
659B15H1, 15-17.5 cm nd nd nd nd nd nd nd nd 
659B15H7, 37.5-40 cm nd -126.0 -141.9 -138.0 nd 5.8 5.7 5.7 
659B16H1, 114-117 cm nd nd nd nd nd nd nd nd 
659B16H3, 118-121 cm nd nd nd nd nd nd nd nd 
659B16H5, 74.5-77 cm nd nd nd nd nd nd nd nd 
659B16H7, 27-30 cm nd nd nd nd nd nd nd nd 
659B17H2, 82-84.5 cm nd nd nd nd nd nd nd nd 
659B17H5, 52-54.5 cm nd nd nd nd nd nd nd nd 
659B18H2, 63-67 cm nd -127.5 -145.6 -145.2 nd 5.8 5.7 5.7 
659B18H5, 138.5-141 cm nd -121.9 -130.4 -132.8 nd 5.8 5.8 6.5 
659B19H3, 14-16 cm nd nd nd nd nd nd nd nd 
659B19H4, 71-73.5 cm nd nd nd nd nd nd nd nd 
659B19H5, 129-132 cm nd -132.8 -140.4 -143.3 nd 5.8 5.7 5.7 
659B19H6, 129-132 cm nd nd nd nd nd nd nd nd 
659C7H2, 54-56.5 cm nd nd nd nd nd nd nd nd 
659C7H3, 104-106.5 cm nd nd nd nd nd nd nd nd 
659A20H3, 20-22.5 cm nd nd nd nd nd nd nd nd 
659A20H5, 14-16 cm -115.5 -124.8 -134.1 -134.4 5.8 5.8 5.8 5.8 
659A20H7, 8-10.5 cm nd nd nd nd nd nd nd nd 
659C8H4, 25-27.5 cm nd nd nd nd nd nd nd nd 
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659C8H4, 35-37.5 cm nd nd nd nd nd nd nd nd 
659C8H5, 39-42 cm nd nd nd nd nd nd nd nd 
659C8H6, 8-10.5 cm nd -126.6 -138.0 -135.5 nd 5.5 5.3 5.5 
659A22X1, 4-6.5 cm nd nd nd nd nd nd nd nd 
659A22X1, 40-42.5 cm nd -125.8 -138.8 -142.2 nd 6.5 5.7 6.4 
659A22X4, 109-111.5 cm nd nd nd nd nd nd nd nd 
659A23X4, 41-43.5 cm nd nd -144.7 -152.4 nd nd 5.7 5.7 
659A23X4, 67.5-70 cm nd nd nd nd nd nd nd nd 
659A23X4, 93.5-96 cm nd -114.5 -125.2 -130.5 nd 5.9 5.8 5.8 
659A23X4, 99-101.5 cm nd nd nd nd nd nd nd nd 
659A23X4, 116.5-119 cm nd -135.1 -146.9 -154.6 nd 5.8 5.7 5.7 
659A23X5, 3-5.5 cm nd nd nd nd nd nd nd nd 
659A23X5, 15-17.5 cm nd nd nd nd nd nd nd nd 
659A23X5, 27-29.5 cm nd nd nd nd nd nd nd nd 
659A23X5, 141-143.5 cm nd nd nd nd nd nd nd nd 
659A23X6, 30-33 cm nd nd nd nd nd nd nd nd 
659A24X1, 57-59.5 cm nd nd nd nd nd nd nd nd 
659A25X1, 79-81.5 cm nd nd nd nd nd nd nd nd 
659A25X3, 139-142 cm nd nd nd nd nd nd nd nd 
659A25X5, 19-22 cm -121.4 -118.6 -127.3 -130.1 6.5 5.2 5.1 5.5 
659A27X1, 74-77 cm nd nd nd nd nd nd nd nd 
659A27X2, 74-76.5 cm nd nd nd nd nd nd nd nd 
659A27X3, 74-76.5 cm nd nd nd nd nd nd nd nd 
659A27X6, 36-38.5 cm nd nd nd nd nd nd nd nd 
659A27X6, 48-50.5 cm nd nd nd nd nd nd nd nd 
659A27X6, 59-61.5 cm nd nd nd nd nd nd nd nd 
959A1H1, 2-2.5 cm nd nd nd nd nd nd nd nd 
959A1H4, 34-36.5 cm nd nd nd nd nd nd nd nd 
959A2H1, 59-61.5 cm nd nd nd nd nd nd nd nd 
959A2H4, 61.5-64 cm nd nd nd nd nd nd nd nd 
959A3H3, 137-139.5 cm nd nd nd nd nd nd nd nd 
959A3H4, 129-131.5 cm nd nd nd nd nd nd nd nd 
959A3H5, 121-123.5 cm nd nd nd nd nd nd nd nd 
959A3H7, 35-37.5 cm nd nd nd nd nd nd nd nd 
959A4H4, 9-11.5 cm nd -133.7 -143.1 -148.5 nd 5.8 5.7 5.7 
959A4H6, 129-131.5 cm nd nd nd nd nd nd nd nd 
959A5H6, 109-111.5 cm nd nd nd nd nd nd nd nd 
959A6H1, 91-93.5 cm nd nd nd nd nd nd nd nd 
959A6H3, 139-141.5 cm nd -130.7 -142.5 -143.0 nd 5.8 5.7 5.7 
959A6H4, 106-108.5 cm nd nd nd nd nd nd nd nd 
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959A6H6, 74-77 cm nd nd nd nd nd nd nd nd 
959A7H2, 3-5.5 cm nd nd nd nd nd nd nd nd 
959A7H3, 134-136.5 cm nd -126.5 -135.7 -137.8 nd 5.8 5.8 5.7 
959A8H1, 69-73 cm nd nd nd nd nd nd nd nd 
959A9H1, 104-107 cm nd nd nd nd nd nd nd nd 
959A9H4, 84-87 cm nd nd nd nd nd nd nd nd 
959A9H5, 59-61.5 cm nd nd nd nd nd nd nd nd 
959A10H1, 62-64.5 cm nd nd nd nd nd nd nd nd 
959A11H1, 88.5-91 cm nd nd nd nd nd nd nd nd 
959A12H1, 123-125.5 cm nd -119.2 -123.1 nd nd 5.8 5.8 nd 
959A12H2, 66-68.5 cm nd nd nd nd nd nd nd nd 
959A12H3, 10-12.5 cm nd nd nd nd nd nd nd nd 
959A12H6, 46-48.5 cm nd -121.5 -124.9 -128.5 nd 5.8 5.8 5.8 
959A13H3, 130-132.5 cm nd nd nd nd nd nd nd nd 
959A14H1, 63-66 cm nd -121.5 -127.0 -127.4 nd 5.8 5.8 5.8 
959A14H5, 130-135 cm nd nd nd nd nd nd nd nd 
959A15H2, 104-106.5 cm nd -118.7 -128.1 -130.8 nd 5.8 5.8 5.8 
959A15H3, 142-144.5 cm nd nd nd nd nd nd nd nd 
959A15H5, 137-139.5 cm nd -126.9 -131.4 nd nd 5.8 5.8 nd 
959A16H1, 108-110.5 cm nd nd nd nd nd nd nd nd 
959A16H3, 110-112.5 cm nd nd nd nd nd nd nd nd 
959A16H5, 56-58.5 cm nd -116.2 -124.8 nd nd 5.8 5.8 nd 
959A16H6, 34-36.5 cm nd -104.7 -113.7 -118.3 nd 5.9 5.9 5.8 
959A17H1, 124-126.5 cm nd nd nd nd nd nd nd nd 
959A17H4, 133-135.5 cm nd nd nd nd nd nd nd nd 
959A18H1, 66-69 cm nd nd nd nd nd nd nd nd 
959A18H4, 53-55.5 cm nd nd nd nd nd nd nd nd 
959A18H6, 10-12.5 cm nd nd nd nd nd nd nd nd 
959A19H1, 76.5-79 cm nd nd nd nd nd nd nd nd 
959A19H2, 62.5-65 cm nd nd -131.8 -131.0 nd nd 5.8 5.8 
959A19H3, 44.5-47 cm nd nd nd nd nd nd nd nd 
959A19H5, 2-4.5 cm nd nd nd nd nd nd nd nd 
959A19H7, 24-26.5 cm nd nd nd nd nd nd nd nd 
959A20X2, 135-137.5 cm nd nd nd nd nd nd nd nd 
959A20X5, 7-9.5 cm nd nd -130.2 nd nd nd 6.5 nd 
959A20X7, 29-31.5 cm nd nd nd nd nd nd nd nd 
959A21X3, 4-6.5 cm nd nd nd nd nd nd nd nd 
959A21X5, 15-17.5 cm nd nd nd nd nd nd nd nd 
959A21X6, 92-94.5 cm nd nd nd nd nd nd nd nd 
959A22X3, 45-47.5 cm nd nd nd nd nd nd nd nd 
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959A22X6, 58-62 cm nd nd nd nd nd nd nd nd 
959A23X3, 52-54.5 cm nd nd nd nd nd nd nd nd 
959A23X6, 55-57.5 cm nd nd nd nd nd nd nd nd 
959A24X3, 63-65.5 cm nd nd nd nd nd nd nd nd 
959A24X5, 86-88.5 cm nd nd nd nd nd nd nd nd 
959A25X6, 129-131.5 cm nd nd nd nd nd nd nd nd 
959A27X1, 46-48.5 cm nd nd nd nd nd nd nd nd 
959A28X2, 33-35.5 cm nd nd nd nd nd nd nd nd 
959A29X3, 30-32.5 cm nd nd nd nd nd nd nd nd 
959A30X4, 27-29.5 cm nd nd nd nd nd nd nd nd 















% C4 εlandscape 
C31 
δDwater 
659A1H1, 6-8.5 cm 0.06 0.06 0.001 54.3 -126.4 -11.0 
659A1H4, 56-60 cm 5.06 5.06 0.150 57.2 -127.0 -5.2 
659C2H1, 83-85.5 cm 10.33 9.39 0.299 65.2 -128.9 -6.8 
659A3H5, 17-19.5 cm 23.47 23.47 0.736 nd nd nd 
659B4H3, 85-87.5 cm 29.45 32.25 1.040 70.4 -130.1 -11.6 
659B5H3, 58-61 cm 38.68 42.42 1.438 nd nd nd 
659B6H2, 84-86.5 cm 46.94 50.34 1.745 55.4 -126.6 -12.9 
659B6H3, 7.5-10 cm 47.68 51.05 1.767 nd nd nd 
659B6H4, 134-136.5 cm 50.44 53.68 1.858 nd nd nd 
659A7H3, 68-71 cm 58.98 58.98 2.039 64.5 -128.7 -17.9 
659B8H1, 22-24.5 cm 63.82 66.54 2.295 nd nd nd 
659B8H6, 147-150 cm 72.57 74.75 2.556 65.9 -129.1 -19.9 
659A9H4, 147.5-150 cm 80.28 80.28 2.754 nd nd nd 
659A10H4, 68-71 cm 88.98 88.98 3.057 55.1 -126.5 nd 
659C5H2, 7-9.5 cm 101.57 98.39 3.365 57.4 -127.1 -16.3 
659C6H2, 119-122 cm 112.19 109.20 3.850 50.3 -125.4 -12.1 
659B15H1, 15-17.5 cm 126.25 127.04 4.424 nd nd nd 
659B15H7, 37.5-40 cm 135.48 136.47 4.789 55.1 -126.5 -17.7 
659B16H1, 114-117 cm 136.74 137.88 4.835 nd nd nd 
659B16H3, 118-121 cm 139.78 141.26 4.976 nd nd nd 
659B16H5, 74.5-77 cm 142.35 143.85 5.042 46.4 -124.5 nd 
659B16H7, 27-30 cm 144.87 146.37 5.123 nd nd nd 
659B17H2, 82-84.5 cm 147.42 148.99 5.212 nd nd nd 
659B17H5, 52-54.5 cm 151.62 153.14 5.694 50.2 -125.4 nd 
659B18H2, 63-67 cm 156.73 158.54 6.261 46.8 -124.6 -22.1 
659B18H5, 138.5-141 cm 161.99 163.91 6.825 38.3 -122.6 -6.8 
659B19H3, 14-16 cm 167.24 169.29 7.389 nd nd nd 
659B19H4, 71-73.5 cm 169.31 171.40 7.620 nd nd nd 
659B19H5, 129-132 cm 171.39 173.53 7.852 30.3 -120.7 -19.8 
659B19H6, 129-132 cm 172.89 175.06 8.019 nd nd nd 
659C7H2, 54-56.5 cm 179.04 177.40 8.275 nd nd nd 
659C7H3, 104-106.5 cm 181.04 179.39 8.492 22.1 -118.8 nd 
659A20H3, 20-22.5 cm 182.00 182.00 8.777 38.3 -122.6 nd 
659A20H5, 14-16 cm 184.94 184.94 9.098 25.9 -119.7 -14.1 
659A20H7, 8-10.5 cm 187.88 187.88 9.419 26.0 -119.7 nd 
659C8H4, 25-27.5 cm 191.25 190.05 9.675 21.7 -118.7 nd 
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659C8H4, 35-37.5 cm 191.35 190.15 9.710 17.3 -117.7 nd 
659C8H5, 39-42 cm 192.89 191.51 9.969 17.3 -117.7 nd 
659C8H6, 8-10.5 cm 194.08 192.55 10.167 15.9 -117.3 -21.1 
659A22X1, 4-6.5 cm 197.84 197.84 10.753 16.8 -117.5 nd 
659A22X1, 40-42.5 cm 198.20 198.20 10.760 16.1 -117.4 -21.5 
659A22X4, 109-111.5 cm 203.39 203.39 11.485 13.1 -116.7 nd 
659A23X4, 41-43.5 cm 212.21 212.21 13.243 16.7 -117.5 -26.1 
659A23X4, 67.5-70 cm 212.48 212.48 13.296 nd nd nd 
659A23X4, 93.5-96 cm 212.74 212.74 13.348 16.6 -117.5 -4.6 
659A23X4, 99-101.5 cm 212.79 212.79 13.359 nd nd nd 
659A23X4, 116.5-119 cm 212.97 212.97 13.393 15.9 -117.3 -28.6 
659A23X5, 3-5.5 cm 213.33 213.33 13.466 nd nd nd 
659A23X5, 15-17.5 cm 213.45 213.45 13.490 nd nd nd 
659A23X5, 27-29.5 cm 213.57 213.57 13.514 15.6 -117.3 nd 
659A23X5, 141-143.5 cm 214.71 214.71 13.613 nd nd nd 
659A23X6, 30-33 cm 215.10 215.10 13.643 nd nd nd 
659A24X1, 57-59.5 cm 217.37 217.37 13.820 20.1 -118.3 nd 
659A25X1, 79-81.5 cm 227.09 227.09 14.578 19.2 -118.1 nd 
659A25X3, 139-142 cm 230.69 230.69 14.859 15.4 -117.2 nd 
659A25X5, 19-22 cm 232.49 232.49 15.383 17.2 -117.6 -3.9 
659A27X1, 74-77 cm 246.04 246.04 19.097 16.6 -117.5 nd 
659A27X2, 74-76.5 cm 247.54 247.54 22.351 10.4 -116.0 nd 
659A27X3, 74-76.5 cm 249.04 249.04 23.014 12.1 -116.4 nd 
659A27X6, 36-38.5 cm 253.16 253.16 24.272 14.6 -117.0 nd 
659A27X6, 48-50.5 cm 253.28 253.28 24.308 nd nd nd 
659A27X6, 59-61.5 cm 253.39 253.39 24.342 8.7 -115.7 nd 
959A1H1, 2-2.5 cm 0.02 0.02 0.001 46.2 -124.5 nd 
959A1H4, 34-36.5 cm 4.84 4.84 0.145 nd nd nd 
959A2H1, 59-61.5 cm 9.69 9.69 0.290 nd nd nd 
959A2H4, 61.5-64 cm 14.22 14.22 1.798 nd nd nd 
959A3H3, 137-139.5 cm 22.97 22.97 2.203 nd nd nd 
959A3H4, 129-131.5 cm 24.39 24.39 2.271 nd nd nd 
959A3H5, 121-123.5 cm 25.81 25.81 2.338 nd nd nd 
959A3H7, 35-37.5 cm 27.95 27.95 2.439 nd nd nd 
959A4H4, 9-11.5 cm 32.69 32.69 2.744 22.5 -118.9 -29.0 
959A4H6, 129-131.5 cm 36.89 36.89 2.972 nd nd nd 
959A5H6, 109-111.5 cm 46.19 46.19 3.466 nd nd nd 
959A6H1, 91-93.5 cm 48.01 48.01 3.563 nd nd nd 
959A6H3, 139-141.5 cm 51.49 51.49 3.791 35.8 -122.0 -22.5 
959A6H4, 106-108.5 cm 52.66 52.66 3.880 nd nd nd 
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959A6H6, 74-77 cm 55.34 55.34 4.091 nd nd nd 
959A7H2, 3-5.5 cm 58.13 58.13 4.311 nd nd nd 
959A7H3, 134-136.5 cm 60.94 60.94 4.532 31.1 -120.9 -15.2 
959A8H1, 69-73 cm 66.79 66.79 4.993 nd nd nd 
959A9H1, 104-107 cm 76.64 76.64 5.276 nd nd nd 
959A9H4, 84-87 cm 80.94 80.94 5.378 nd nd nd 
959A9H5, 59-61.5 cm 82.19 82.19 5.421 nd nd nd 
959A10H1, 62-64.5 cm 85.72 85.72 5.548 nd nd nd 
959A11H1, 88.5-91 cm 95.49 95.49 6.137 nd nd nd 
959A12H1, 123-125.5 cm 105.33 105.33 6.976 21.3 -118.6 -2.2 
959A12H2, 66-68.5 cm 106.26 106.26 7.162 nd nd nd 
959A12H3, 10-12.5 cm 107.20 107.20 7.350 nd nd nd 
959A12H6, 46-48.5 cm 112.06 112.06 7.673 13.7 -116.8 -6.6 
959A13H3, 130-132.5 cm 117.90 117.90 8.028 nd nd nd 
959A14H1, 63-66 cm 123.73 123.73 8.382 6.0 -115.0 -10.6 
959A14H5, 130-135 cm 130.40 130.40 8.787 nd nd nd 
959A15H2, 104-106.5 cm 135.14 135.14 9.075 31.0 -120.9 -5.2 
959A15H3, 142-144.5 cm 137.02 137.02 9.189 nd nd nd 
959A15H5, 137-139.5 cm 139.97 139.97 9.368 10.6 -116.1 -15.2 
959A16H1, 108-110.5 cm 143.18 143.18 9.563 nd nd nd 
959A16H3, 110-112.5 cm 146.20 146.20 10.059 nd nd nd 
959A16H5, 56-58.5 cm 148.66 148.66 10.474 10.1 -116.0 -6.8 
959A16H6, 34-36.5 cm 149.94 149.94 10.480 10.8 -116.1 5.9 
959A17H1, 124-126.5 cm 152.84 152.84 10.553 nd nd nd 
959A17H4, 133-135.5 cm 157.43 157.43 10.930 nd nd nd 
959A18H1, 66-69 cm 161.76 161.76 11.585 nd nd nd 
959A18H4, 53-55.5 cm 166.13 166.13 12.247 nd nd nd 
959A18H6, 10-12.5 cm 168.70 168.70 12.636 nd nd nd 
959A19H1, 76.5-79 cm 171.37 171.37 13.040 nd nd nd 
959A19H2, 62.5-65 cm 172.73 172.73 13.246 11.5 -116.3 -12.4 
959A19H3, 44.5-47 cm 174.05 174.05 13.446 nd nd nd 
959A19H5, 2-4.5 cm 176.62 176.62 13.713 nd nd nd 
959A19H7, 24-26.5 cm 179.84 179.84 14.004 nd nd nd 
959A20X2, 135-137.5 cm 182.95 182.95 14.286 nd nd nd 
959A20X5, 7-9.5 cm 186.17 186.17 14.578 9.6 -115.9 -9.1 
959A20X7, 29-31.5 cm 189.39 189.39 14.869 nd nd nd 
959A21X3, 4-6.5 cm 192.14 192.14 15.118 nd nd nd 
959A21X5, 15-17.5 cm 195.25 195.25 15.400 nd nd nd 
959A21X6, 92-94.5 cm 197.52 197.52 15.605 nd nd nd 
959A22X3, 45-47.5 cm 202.05 202.05 16.015 nd nd nd 
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959A22X6, 58-62 cm 206.68 206.68 16.434 nd nd nd 
959A23X3, 52-54.5 cm 211.12 211.12 16.836 nd nd nd 
959A23X6, 55-57.5 cm 215.65 215.65 17.247 nd nd nd 
959A24X3, 63-65.5 cm 220.23 220.23 17.661 nd nd nd 
959A24X5, 86-88.5 cm 223.46 223.46 18.024 nd nd nd 
959A25X6, 129-131.5 cm 234.59 234.59 18.437 nd nd nd 
959A27X1, 46-48.5 cm 245.56 245.56 18.845 8.4 -115.6 nd 
959A28X2, 33-35.5 cm 256.63 256.63 19.256 nd nd nd 
959A29X3, 30-32.5 cm 267.70 267.70 19.668 nd nd nd 
959A30X4, 27-29.5 cm 278.77 278.77 20.079 nd nd nd 
959A31X5, 24.5-27 cm 289.95 289.95 20.495 nd nd nd 
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Appendix 2: Chapter 3 Data 
 
Table A2.1 Depths, Ages, Sample Fatty Acid Methyl Ester 
concentrations (ng/g sediment) 
 






Sed. (g) [C28]  
967B6H3, 92-93 cm 47.22 51.22 1.648 nd nd 
967B6H3, 97-98 cm 47.27 51.26 1.650 nd nd 
967B6H3, 102-103 cm 47.32 51.30 1.651 nd nd 
967B6H3, 107-108 cm 47.37 51.35 1.653 nd nd 
967B6H3, 112-113 cm 47.42 51.39 1.654 nd nd 
967B6H3, 117-118 cm 47.47 51.44 1.656 nd nd 
967B6H3, 122-123 cm 47.52 51.48 1.657 nd nd 
967B6H3, 127-128 cm 47.57 51.53 1.659 nd nd 
967B6H3, 132-133 cm 47.62 51.57 1.660 nd nd 
967B6H3, 137-138 cm 47.67 51.62 1.662 nd nd 
967B6H3, 142-143 cm 47.72 51.66 1.665 nd nd 
967B6H3, 147-148 cm 47.77 51.71 1.667 nd nd 
967B6H4, 2-3 cm 47.82 51.75 1.670 nd nd 
967B6H4, 7-8 cm 47.87 51.79 1.672 nd nd 
967B6H4, 12-13 cm 47.92 51.84 1.675 nd nd 
967B6H4, 17-18 cm 47.97 51.88 1.677 11.35 11 
967B6H4, 22-23 cm 48.02 51.93 1.680 13.87 11 
967B6H4, 27-28 cm 48.07 51.97 1.682 9.97 84 
967B6H4, 32-33 cm 48.12 52.02 1.685 12.68 10 
967B6H4, 37-38 cm 48.17 52.06 1.687 12.50 19 
967B6H4, 42-43 cm 48.22 52.11 1.689 12.01 34 
967B6H4, 47-48 cm 48.27 52.15 1.692 10.07 1230 
967B6H4, 52-53 cm 48.32 52.19 1.694 14.39 119 
967B6H4, 57-58 cm 48.37 52.24 1.696 13.44 147 
967B6H4, 62-63 cm 48.42 52.28 1.699 14.20 64 
967B6H4, 67-68 cm 48.47 52.32 1.701 14.59 51 
967B6H4, 72-73 cm 48.52 52.36 1.703 13.42 nd 
967B6H4, 77-78 cm 48.57 52.40 1.705 14.22 17 
967B6H4, 82-83 cm 48.62 52.44 1.707 12.12 22 
967B6H4, 87-88 cm 48.67 52.49 1.709 13.96 58 
967B6H4, 92-93 cm 48.72 52.53 1.712 14.85 91 
967B6H4, 97-98 cm 48.77 52.57 1.714 7.90 6240 
967B6H4, 102-103 cm 48.82 52.61 1.716 6.55 4597 
967B6H4, 107-108 cm 48.87 52.65 1.718 10.66 927 
967B6H4, 112-113 cm 48.92 52.69 1.720 14.39 172 
967B6H4, 117-118 cm 48.97 52.73 1.722 14.87 128 
967B6H4, 122-123 cm 49.02 52.76 1.724 17.45 36 
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967B6H4, 127-128 cm 49.07 52.81 1.726 17.54 82 
967B6H4, 132-133 cm 49.12 52.85 1.728 14.41 36 
967B6H4, 137-138 cm 49.17 52.89 1.730 13.44 95 
967B6H4, 142-143 cm 49.22 52.93 1.732 4.93 17675 
967B6H4, 147-148 cm 49.27 52.97 1.734 5.44 18879 
967B6H5, 2-3 cm 49.32 53.02 1.736 4.55 6217 
967B6H5, 7-8 cm 49.37 53.06 1.738 nd nd 
967B6H5, 12-13 cm 49.42 53.10 1.740 5.15 1735 
967B6H5, 17-18 cm 49.47 53.14 1.742 16.45 78 
967B6H5, 22-23 cm 49.52 53.19 1.745 15.68 212 
967B6H5, 27-28 cm 49.57 53.23 1.747 15.62 80 
967B6H5, 32-33 cm 49.62 53.27 1.749 15.11 78 
967B6H5, 37-38 cm 49.67 53.31 1.751 12.29 115 
967B6H5, 42-43 cm 49.72 53.35 1.753 10.65 132 
967B6H5, 47-48 cm 49.77 53.40 1.755 4.60 5312 
967B6H5, 52-53 cm 49.82 53.44 1.757 12.18 3139 
967B6H5, 57-58 cm 49.87 53.47 1.758 6.55 7338 
967B6H5, 62-63 cm 49.92 53.52 1.759 10.35 575 
967B6H5, 67-68 cm 49.97 53.56 1.761 12.42 20 
967B6H5, 72-73 cm 50.02 53.60 1.762 12.28 29 
967B6H5, 77-78 cm 50.07 53.65 1.764 14.79 29 
967B6H5, 82-83 cm 50.12 53.69 1.765 13.29 45 
967B6H5, 87-88 cm 50.17 53.74 1.766 14.09 158 
967B6H5, 92-93 cm 50.22 53.78 1.768 17.10 17 
967B6H5, 97-98 cm 50.27 53.82 1.769 15.45 13 
967B6H5, 102-103 cm 50.32 53.87 1.771 15.33 nd 
967B6H5, 107-108 cm 50.37 53.91 1.772 14.72 nd 
967B6H5, 112-113 cm 50.42 53.96 1.773 10.96 nd 
967B6H5, 117-118 cm 50.47 54.00 1.775 11.52 nd 
967B6H5, 122-123 cm 50.52 54.05 1.776 13.62 nd 
967B6H5, 127-128 cm 50.57 54.09 1.778 14.18 nd 
967B6H5, 132-133 cm 50.62 54.13 1.779 12.98 nd 
967B6H5, 137-138 cm 50.67 54.18 1.782 12.55 nd 
967C6H2, 2-3 cm 49.02 54.22 1.785 8.82 nd 
967B6H5, 142-143 cm 50.72 54.22 1.785 10.84 nd 
967B6H5, 147-148 cm 50.77 54.27 1.788 14.33 nd 
967C6H2, 7-8 cm 49.07 54.27 1.788 nd nd 
967C6H2, 12-13 cm 49.12 54.32 1.792 nd nd 
967C6H2, 17-18 cm 49.17 54.37 1.795 nd nd 
967C6H2, 22-23 cm 49.22 54.42 1.798 15.24 nd 
967C6H2, 27-28 cm 49.27 54.47 1.801 nd nd 
967C6H2, 47-48 cm 49.47 54.67 1.812 14.94 nd 
967C6H2, 52-53 cm 49.52 54.72 1.814 14.94 nd 
967C6H2, 57-58 cm 49.57 54.77 1.816 nd nd 
967C6H2, 62-63 cm 49.62 54.82 1.818 nd nd 
967C6H2, 67-68 cm 49.67 54.87 1.820 nd nd 
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967C6H2, 72-73 cm 49.72 54.92 1.822 nd nd 
967C6H2, 77-78 cm 49.77 54.97 1.824 11.78 nd 
967C6H2, 82-83 cm 49.82 55.02 1.827 nd nd 
967C6H2, 87-88 cm 49.87 55.07 1.829 6.02 nd 
967C6H2, 92-93 cm 49.92 55.12 1.831 6.62 nd 
967C6H2, 97-98 cm 49.97 55.17 1.833 11.68 nd 
967C6H2, 102-103 cm 50.02 55.22 1.835 9.43 nd 
967C6H2, 107-108 cm 50.07 55.27 1.837 nd nd 
967C6H2, 112-113 cm 50.12 55.32 1.839 nd nd 
967C6H2, 117-118 cm 50.17 55.37 1.841 nd nd 
967C6H2, 122-123 cm 50.22 55.42 1.843 nd nd 
967C6H2, 127-128 cm 50.27 55.47 1.845 nd nd 
967C6H2, 132-133 cm 50.32 55.52 1.847 6.17 nd 
967C6H2, 137-138 cm 50.37 55.57 1.849 5.00 nd 
967C6H2, 142-143 cm 50.42 55.62 1.851 5.25 nd 
967C6H2, 147-148 cm 50.47 55.67 1.854 5.67 nd 
967C6H3, 2-3 cm 50.52 55.72 1.856 13.25 nd 
967C6H3, 7-8 cm 50.57 55.77 1.858 15.05 nd 
967C6H3, 12-13 cm 50.62 55.82 1.861 10.52 nd 
967C6H3, 17-18 cm 50.67 55.87 1.863 nd nd 
967C6H3, 22-23 cm 50.72 55.92 1.865 14.66 nd 
967C6H3, 27-28 cm 50.77 55.97 1.867 14.14 nd 
967C6H3, 32-33 cm 50.82 56.02 1.870 nd nd 
967C6H3, 37-38 cm 50.87 56.07 1.872 5.03 nd 
967C6H3, 42-43 cm 50.92 56.12 1.874 11.30 nd 
967C6H3, 47-48 cm 50.97 56.17 1.877 10.81 nd 
967C6H3, 52-53 cm 51.02 56.22 1.879 11.79 nd 
967C6H3, 57-58 cm 51.07 56.27 1.881 12.06 nd 
967C6H3, 62-63 cm 51.12 56.32 1.883 13.70 nd 
967C6H3, 67-68 cm 51.17 56.37 1.886 11.48 nd 
967C6H3, 72-73 cm 51.22 56.42 1.888 nd nd 
967C6H3, 77-78 cm 51.27 56.47 1.890 11.59 nd 
967C6H3, 82-83 cm 51.32 56.52 1.893 11.56 nd 
967C6H3, 87-88 cm 51.37 56.57 1.895 10.92 nd 
967C6H3, 92-93 cm 51.42 56.62 1.897 8.27 nd 
967C6H3, 97-98 cm 51.47 56.67 1.900 7.37 nd 
967B9H5, 35-36 cm 78.15 86.02 2.879 nd nd 
967B9H5, 40-41 cm 78.2 86.08 2.881 nd nd 
967B9H5, 45-46 cm 78.25 86.14 2.884 nd nd 
967B9H5, 50-51 cm 78.3 86.20 2.886 nd nd 
967B9H5, 55-56 cm 78.35 86.25 2.888 nd nd 
967B9H5, 60-61 cm 78.4 86.31 2.891 nd nd 
967B9H5, 65-66 cm 78.45 86.37 2.893 nd nd 
967C8H4, 22-23 cm 71.23 86.42 2.895 13.88 nd 
967C8H4, 27-28 cm 71.28 86.48 2.897 13.98 nd 
967C8H4, 32-33 cm 71.33 86.53 2.899 7.58 nd 
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967C8H4, 37-38 cm 71.38 86.59 2.902 13.34 nd 
967C8H4, 42-43 cm 71.43 86.65 2.904 13.52 nd 
967C8H4, 47-48 cm 71.48 86.71 2.907 12.74 nd 
967C8H4, 52-53 cm 71.53 86.78 2.909 11.60 nd 
967C8H4, 57-58 cm 71.58 86.84 2.912 13.60 nd 
967C8H4, 62-63 cm 71.63 86.90 2.915 13.17 nd 
967C8H4, 67-68 cm 71.68 86.96 2.917 13.97 nd 
967C8H4, 72-73 cm 71.73 87.02 2.920 5.94 nd 
967C8H4, 77-78 cm 71.78 87.08 2.922 5.81 nd 
967C8H4, 82-83 cm 71.83 87.14 2.925 12.86 nd 
967C8H4, 87-88 cm 71.88 87.19 2.927 13.28 nd 
967C8H4, 92-93 cm 71.93 87.25 2.929 13.22 nd 
967C8H4, 97-98 cm 71.98 87.31 2.932 13.25 nd 
967C8H4, 102-103 cm 72.03 87.36 2.934 15.75 nd 
967C8H4, 107-108 cm 72.08 87.42 2.937 18.97 nd 
967C8H4, 112-113 cm 72.13 87.47 2.939 11.13 nd 
967C8H4, 117-118 cm 72.18 87.53 2.941 6.74 nd 
967C8H4, 122-123 cm 72.23 87.59 2.944 3.38 nd 
967C8H4, 127-128 cm 72.28 87.64 2.946 5.50 nd 
967C8H4, 132-133 cm 72.33 87.70 2.949 9.25 nd 
967C8H4, 137-138 cm 72.38 87.75 2.951 16.86 nd 
967C8H4, 142-143 cm 72.43 87.81 2.954 12.26 nd 
967C8H4, 147-148 cm 72.48 87.86 2.956 16.53 nd 
967C8H5, 2-3 cm 72.53 87.92 2.958 16.29 nd 
967C8H5, 7-8 cm 72.58 87.98 2.961 nd nd 
967C8H5, 12-13 cm 72.63 88.03 2.963 5.94 nd 
967C8H5, 17-18 cm 72.68 88.09 2.966 7.10 nd 
967C8H5, 22-23 cm 72.73 88.14 2.968 6.82 nd 
967C8H5, 27-28 cm 72.78 88.20 2.971 13.44 nd 
967C8H5, 32-33 cm 72.83 88.25 2.974 nd nd 
967C8H5, 37-38 cm 72.88 88.31 2.976 nd nd 
967C8H5, 42-43 cm 72.93 88.37 2.979 nd nd 
967C8H5, 47-48 cm 72.98 88.43 2.981 nd nd 
967C8H5, 52-53 cm 73.03 88.48 2.984 nd nd 
967C8H5, 57-58 cm 73.08 88.54 2.987 12.54 nd 
967C8H5, 62-63 cm 73.13 88.60 2.989 5.91 nd 
967C8H5, 67-68 cm 73.18 88.65 2.992 6.74 nd 
967C8H5, 72-73 cm 73.23 88.71 2.995 nd nd 
967C8H5, 77-78 cm 73.28 88.77 2.997 nd nd 
967C8H5, 82-83 cm 73.33 88.82 3.000 13.58 24 
967C8H5, 87-88 cm 73.38 88.88 3.002 12.55 1136 
967C8H5, 92-93 cm 73.43 88.93 3.005 14.32 2901 
967C8H5, 97-98 cm 73.48 88.98 3.007 12.83 nd 
967C8H5, 102-103 cm 73.53 89.03 3.009 13.04 nd 
967C8H5, 107-108 cm 73.58 89.08 3.012 13.97 13 
967C8H5, 112-113 cm 73.63 89.13 3.014 5.68 nd 
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967C8H5, 117-118 cm 73.68 89.18 3.017 5.67 721 
967C8H5, 122-123 cm 73.73 89.23 3.019 12.66 nd 
967C8H5, 127-128 cm 73.78 89.28 3.022 13.03 51 
967C8H5, 132-133 cm 73.83 89.33 3.024 14.35 19 
967C8H5, 137-138 cm 73.88 89.38 3.027 10.58 27 
967C8H5, 142-143 cm 73.93 89.43 3.030 12.04 43 
967C8H5, 147-148 cm 73.98 89.48 3.032 15.01 15 
967C8H6, 2-3 cm 74.03 89.53 3.035 5.79 8981 
967C8H6, 7-8 cm 74.08 89.58 3.037 5.76 6588 
967C8H6, 12-13 cm 74.13 89.63 3.040 17.61 190 
967C8H6, 17-18 cm 74.18 89.68 3.042 12.68 75 
967C8H6, 22-23 cm 74.23 89.73 3.045 14.40 47 
967C8H6, 27-28 cm 74.28 89.78 3.047 14.20 72 
967C8H6, 32-33 cm 74.33 89.83 3.050 15.91 74 
967C8H6, 37-38 cm 74.38 89.88 3.052 13.87 134 
967C8H6, 42-43 cm 74.43 89.93 3.055 5.59 8983 
967C8H6, 46-47 cm 74.47 89.97 3.057 4.96 32374 
967C8H6, 52-53 cm 74.53 90.03 3.060 4.84 23854 
967C8H6, 57-58 cm 74.58 90.08 3.063 15.10 186 
967C8H6, 62-63 cm 74.63 90.13 3.066 13.97 74 
967C8H6, 67-68 cm 74.68 90.18 3.068 15.49 44 
967C8H6, 72-73 cm 74.73 90.23 3.071 15.77 49 
967C8H6, 77-78 cm 74.78 90.28 3.074 12.80 55 
967C8H6, 82-83 cm 74.83 90.33 3.077 9.82 4252 
967C8H6, 87-88 cm 74.88 90.38 3.080 4.94 17029 
967C8H7, 71-72 cm 76.22 93.25 3.081 nd nd 
967C8H6, 92-93 cm 74.93 90.43 3.082 5.76 7318 
967C8H7, 67-68 cm 76.18 93.21 3.084 nd nd 
967C9H1, 17-18 cm 76.17 93.20 3.084 nd nd 
967C8H6, 97-98 cm 74.98 90.48 3.084 13.87 57 
967C8H7, 62-63 cm 76.13 93.16 3.086 nd nd 
967C8H6, 102-103 cm 75.03 90.54 3.086 14.11 nd 
967C9H1, 12-13 cm 76.12 93.15 3.087 nd nd 
967C8H6, 107-108 cm 75.08 90.59 3.089 15.10 30 
967C8H7, 57-58 cm 76.08 93.12 3.089 nd nd 
967C9H1, 7-8 cm 76.07 93.11 3.090 nd nd 
967C8H6, 112-113 cm 75.13 90.64 3.091 18.18 nd 
967C8H7, 52-53 cm 76.03 93.07 3.092 nd nd 
967C9H1, 2-3 cm 76.02 93.06 3.092 nd nd 
967C8H6, 117-118 cm 75.18 90.69 3.093 14.31 16 
967C8H6, 122-123 cm 75.23 90.74 3.095 16.99 3966 
967C8H6, 127-128 cm 75.28 90.80 3.097 16.18 23 
967C8H6, 132-133 cm 75.33 90.85 3.099 10.68 57 
967C8H6, 137-138 cm 75.38 90.90 3.101 7.78 74 
967C8H6, 142-143 cm 75.43 90.95 3.103 5.76 nd 
967C8H6, 147-148 cm 75.48 91.00 3.106 11.65 nd 
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967C8H7, 2-3 cm 75.53 91.05 3.108 13.78 105 
967C8H7, 7-8 cm 75.58 91.10 3.110 15.05 17 
967C8H7, 12-13 cm 75.63 91.16 3.112 nd nd 
967C8H7, 17-18 cm 75.68 91.23 3.115 nd nd 
967C8H7, 22-23 cm 75.73 91.29 3.118 nd nd 
967C8H7, 27-28 cm 75.78 91.35 3.120 nd nd 
967C8H7, 32-33 cm 75.83 91.40 3.122 nd nd 
967C8H7, 37-38 cm 75.88 91.45 3.124 nd nd 
967C8H7, 42-43 cm 75.93 91.51 3.126 nd nd 





Table A2.2 Sample carbon isotope data 
 
 δ
13C (VPDB)       sd   Sample C26 C28 C30 C26 C28 C30 
967B6H3, 92-93 cm nd nd nd nd nd nd 
967B6H3, 97-98 cm nd nd nd nd nd nd 
967B6H3, 102-103 cm nd nd nd nd nd nd 
967B6H3, 107-108 cm nd nd nd nd nd nd 
967B6H3, 112-113 cm nd nd nd nd nd nd 
967B6H3, 117-118 cm nd nd nd nd nd nd 
967B6H3, 122-123 cm nd nd nd nd nd nd 
967B6H3, 127-128 cm nd nd nd nd nd nd 
967B6H3, 132-133 cm nd nd nd nd nd nd 
967B6H3, 137-138 cm nd nd nd nd nd nd 
967B6H3, 142-143 cm nd nd nd nd nd nd 
967B6H3, 147-148 cm nd nd nd nd nd nd 
967B6H4, 2-3 cm nd nd nd nd nd nd 
967B6H4, 7-8 cm nd nd nd nd nd nd 
967B6H4, 12-13 cm nd nd nd nd nd nd 
967B6H4, 17-18 cm nd nd nd nd nd nd 
967B6H4, 22-23 cm nd nd nd nd nd nd 
967B6H4, 27-28 cm nd -27.2 nd nd 0.3 nd 
967B6H4, 32-33 cm nd nd nd nd nd nd 
967B6H4, 37-38 cm nd nd nd nd nd nd 
967B6H4, 42-43 cm nd nd nd nd nd nd 
967B6H4, 47-48 cm -24.0 -24.6 -24.6 0.2 0.2 0.3 
967B6H4, 52-53 cm -23.1 -24.0 -25.0 0.2 0.2 0.2 
967B6H4, 57-58 cm -23.3 -24.1 -24.2 0.2 0.2 0.2 
967B6H4, 62-63 cm -24.4 -24.6 -24.1 0.2 0.2 0.2 
967B6H4, 67-68 cm -23.5 -24.1 -24.3 0.3 0.3 0.3 
967B6H4, 72-73 cm nd nd nd nd nd nd 
967B6H4, 77-78 cm nd nd nd nd nd nd 
967B6H4, 82-83 cm nd nd nd nd nd nd 
967B6H4, 87-88 cm -24.4 -24.7 -23.9 0.2 0.2 0.3 
967B6H4, 92-93 cm nd nd nd nd nd nd 
967B6H4, 97-98 cm -29.7 -26.5 -26.3 0.2 0.2 0.2 
967B6H4, 102-103 cm nd nd nd nd nd nd 
967B6H4, 107-108 cm -27.2 -26.3 -25.7 0.3 0.3 0.3 
967B6H4, 112-113 cm -27.2 -26.1 -25.8 0.2 0.2 0.3 
967B6H4, 117-118 cm -23.7 -26.1 -25.8 0.3 0.2 0.2 
967B6H4, 122-123 cm -26.5 -25.6 -25.6 0.3 0.2 0.3 
967B6H4, 127-128 cm -29.1 -25.9 -25.1 0.3 0.3 0.3 
967B6H4, 132-133 cm nd -25.5 nd nd 0.3 nd 
967B6H4, 137-138 cm -25.6 -24.6 -23.7 0.2 0.2 0.3 
967B6H4, 142-143 cm -30.1 -27.7 -28.5 0.2 0.2 0.3 
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967B6H4, 147-148 cm -30.2 -28.1 -27.3 0.2 0.2 0.3 
967B6H5, 2-3 cm nd nd nd nd nd nd 
967B6H5, 7-8 cm nd nd nd nd nd nd 
967B6H5, 12-13 cm -28.2 -24.9 -26.5 0.2 0.2 0.3 
967B6H5, 17-18 cm nd -26.0 nd nd 0.3 nd 
967B6H5, 22-23 cm -20.0 -25.0 -25.8 0.2 0.2 0.2 
967B6H5, 27-28 cm -24.0 -24.1 -24.8 0.3 0.3 0.3 
967B6H5, 32-33 cm -23.3 -24.5 -24.7 0.3 0.2 0.3 
967B6H5, 37-38 cm -22.6 -24.0 -23.8 0.2 0.2 0.2 
967B6H5, 42-43 cm nd -24.4 nd nd 0.3 nd 
967B6H5, 47-48 cm -28.9 -26.8 -27.4 0.3 0.3 0.3 
967B6H5, 52-53 cm -29.9 -26.6 -26.8 0.3 0.3 0.3 
967B6H5, 57-58 cm nd nd nd nd nd nd 
967B6H5, 62-63 cm -22.2 -25.5 -24.9 0.2 0.2 0.3 
967B6H5, 67-68 cm nd nd nd nd nd nd 
967B6H5, 72-73 cm nd nd nd nd nd nd 
967B6H5, 77-78 cm nd nd -24.8 nd nd 0.3 
967B6H5, 82-83 cm nd -24.4 -24.6 nd 0.2 0.3 
967B6H5, 87-88 cm nd nd nd nd nd nd 
967B6H5, 92-93 cm nd -25.3 nd nd 0.2 nd 
967B6H5, 97-98 cm nd nd nd nd nd nd 
967B6H5, 102-103 cm nd nd nd nd nd nd 
967B6H5, 107-108 cm nd nd nd nd nd nd 
967B6H5, 112-113 cm nd nd nd nd nd nd 
967B6H5, 117-118 cm nd nd nd nd nd nd 
967B6H5, 122-123 cm nd nd nd nd nd nd 
967B6H5, 127-128 cm nd nd nd nd nd nd 
967B6H5, 132-133 cm nd nd nd nd nd nd 
967B6H5, 137-138 cm nd nd nd nd nd nd 
967C6H2, 2-3 cm nd nd nd nd nd nd 
967B6H5, 142-143 cm nd nd nd nd nd nd 
967B6H5, 147-148 cm nd nd nd nd nd nd 
967C6H2, 7-8 cm nd nd nd nd nd nd 
967C6H2, 12-13 cm nd nd nd nd nd nd 
967C6H2, 17-18 cm nd nd nd nd nd nd 
967C6H2, 22-23 cm nd nd nd nd nd nd 
967C6H2, 27-28 cm nd nd nd nd nd nd 
967C6H2, 47-48 cm nd nd nd nd nd nd 
967C6H2, 52-53 cm nd nd nd nd nd nd 
967C6H2, 57-58 cm nd nd nd nd nd nd 
967C6H2, 62-63 cm nd nd nd nd nd nd 
967C6H2, 67-68 cm nd nd nd nd nd nd 
967C6H2, 72-73 cm nd nd nd nd nd nd 
967C6H2, 77-78 cm nd nd nd nd nd nd 
967C6H2, 82-83 cm nd nd nd nd nd nd 
967C6H2, 87-88 cm -27.2 -25.6 -25.4 0.3 0.3 0.3 
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967C6H2, 92-93 cm nd nd nd nd nd nd 
967C6H2, 97-98 cm nd nd nd nd nd nd 
967C6H2, 102-103 cm nd nd nd nd nd nd 
967C6H2, 107-108 cm nd nd nd nd nd nd 
967C6H2, 112-113 cm nd nd nd nd nd nd 
967C6H2, 117-118 cm nd nd nd nd nd nd 
967C6H2, 122-123 cm nd nd nd nd nd nd 
967C6H2, 127-128 cm nd nd nd nd nd nd 
967C6H2, 132-133 cm nd nd nd nd nd nd 
967C6H2, 137-138 cm nd nd nd nd nd nd 
967C6H2, 142-143 cm nd nd nd nd nd nd 
967C6H2, 147-148 cm nd nd nd nd nd nd 
967C6H3, 2-3 cm nd nd nd nd nd nd 
967C6H3, 7-8 cm nd nd nd nd nd nd 
967C6H3, 12-13 cm nd nd nd nd nd nd 
967C6H3, 17-18 cm nd nd nd nd nd nd 
967C6H3, 22-23 cm nd nd nd nd nd nd 
967C6H3, 27-28 cm nd nd nd nd nd nd 
967C6H3, 32-33 cm nd nd nd nd nd nd 
967C6H3, 37-38 cm nd nd nd nd nd nd 
967C6H3, 42-43 cm nd nd nd nd nd nd 
967C6H3, 47-48 cm nd nd nd nd nd nd 
967C6H3, 52-53 cm nd nd nd nd nd nd 
967C6H3, 57-58 cm nd nd nd nd nd nd 
967C6H3, 62-63 cm nd nd nd nd nd nd 
967C6H3, 67-68 cm nd nd nd nd nd nd 
967C6H3, 72-73 cm nd nd nd nd nd nd 
967C6H3, 77-78 cm nd nd nd nd nd nd 
967C6H3, 82-83 cm nd nd nd nd nd nd 
967C6H3, 87-88 cm nd nd nd nd nd nd 
967C6H3, 92-93 cm nd nd nd nd nd nd 
967C6H3, 97-98 cm nd nd nd nd nd nd 
967B9H5, 35-36 cm nd nd nd nd nd nd 
967B9H5, 40-41 cm nd nd nd nd nd nd 
967B9H5, 45-46 cm nd nd nd nd nd nd 
967B9H5, 50-51 cm nd nd nd nd nd nd 
967B9H5, 55-56 cm nd nd nd nd nd nd 
967B9H5, 60-61 cm nd nd nd nd nd nd 
967B9H5, 65-66 cm nd nd nd nd nd nd 
967C8H4, 22-23 cm nd nd nd nd nd nd 
967C8H4, 27-28 cm nd nd nd nd nd nd 
967C8H4, 32-33 cm nd nd nd nd nd nd 
967C8H4, 37-38 cm nd nd nd nd nd nd 
967C8H4, 42-43 cm nd nd nd nd nd nd 
967C8H4, 47-48 cm nd nd nd nd nd nd 
967C8H4, 52-53 cm nd nd nd nd nd nd 
	 161	
967C8H4, 57-58 cm nd nd nd nd nd nd 
967C8H4, 62-63 cm nd nd nd nd nd nd 
967C8H4, 67-68 cm nd nd nd nd nd nd 
967C8H4, 72-73 cm nd nd nd nd nd nd 
967C8H4, 77-78 cm nd nd nd nd nd nd 
967C8H4, 82-83 cm nd nd nd nd nd nd 
967C8H4, 87-88 cm nd nd nd nd nd nd 
967C8H4, 92-93 cm nd nd nd nd nd nd 
967C8H4, 97-98 cm nd nd nd nd nd nd 
967C8H4, 102-103 cm nd nd nd nd nd nd 
967C8H4, 107-108 cm nd nd nd nd nd nd 
967C8H4, 112-113 cm nd nd nd nd nd nd 
967C8H4, 117-118 cm nd nd nd nd nd nd 
967C8H4, 122-123 cm nd nd nd nd nd nd 
967C8H4, 127-128 cm nd nd nd nd nd nd 
967C8H4, 132-133 cm nd nd nd nd nd nd 
967C8H4, 137-138 cm nd nd nd nd nd nd 
967C8H4, 142-143 cm nd nd nd nd nd nd 
967C8H4, 147-148 cm nd nd nd nd nd nd 
967C8H5, 2-3 cm nd nd nd nd nd nd 
967C8H5, 7-8 cm nd nd nd nd nd nd 
967C8H5, 12-13 cm nd nd nd nd nd nd 
967C8H5, 17-18 cm nd nd nd nd nd nd 
967C8H5, 22-23 cm nd nd nd nd nd nd 
967C8H5, 27-28 cm nd nd nd nd nd nd 
967C8H5, 32-33 cm nd nd nd nd nd nd 
967C8H5, 37-38 cm nd nd nd nd nd nd 
967C8H5, 42-43 cm nd nd nd nd nd nd 
967C8H5, 47-48 cm nd nd nd nd nd nd 
967C8H5, 52-53 cm nd nd nd nd nd nd 
967C8H5, 57-58 cm nd nd nd nd nd nd 
967C8H5, 62-63 cm nd nd nd nd nd nd 
967C8H5, 67-68 cm nd nd nd nd nd nd 
967C8H5, 72-73 cm nd nd nd nd nd nd 
967C8H5, 77-78 cm nd nd nd nd nd nd 
967C8H5, 82-83 cm nd nd nd nd nd nd 
967C8H5, 87-88 cm -26.6 -25.8 -27.1 0.2 0.2 0.2 
967C8H5, 92-93 cm -28.1 -26.7 -28.5 0.2 0.2 0.3 
967C8H5, 97-98 cm nd nd nd nd nd nd 
967C8H5, 102-103 cm nd nd nd nd nd nd 
967C8H5, 107-108 cm nd nd nd nd nd nd 
967C8H5, 112-113 cm -26.7 -25.1 -25.4 0.2 0.2 0.3 
967C8H5, 117-118 cm -26.3 -25.0 nd 0.2 0.2 nd 
967C8H5, 122-123 cm nd nd nd nd nd nd 
967C8H5, 127-128 cm nd nd nd nd nd nd 
967C8H5, 132-133 cm nd nd nd nd nd nd 
	 162	
967C8H5, 137-138 cm nd nd nd nd nd nd 
967C8H5, 142-143 cm nd nd nd nd nd nd 
967C8H5, 147-148 cm nd nd nd nd nd nd 
967C8H6, 2-3 cm -27.0 -25.7 -24.8 0.3 0.3 0.3 
967C8H6, 7-8 cm -25.4 -24.7 -24.9 0.3 0.3 0.3 
967C8H6, 12-13 cm -25.7 -25.1 -25.5 0.2 0.2 0.3 
967C8H6, 17-18 cm nd -25.7 nd nd 0.3 nd 
967C8H6, 22-23 cm nd nd nd nd nd nd 
967C8H6, 27-28 cm -28.3 -25.1 -26.3 0.3 0.3 0.3 
967C8H6, 32-33 cm -25.5 -25.0 -25.0 0.2 0.2 0.3 
967C8H6, 37-38 cm nd nd nd nd nd nd 
967C8H6, 42-43 cm -26.4 -27.5 -27.8 0.2 0.2 0.3 
967C8H6, 46-47 cm -26.4 -27.0 -27.0 0.2 0.2 0.3 
967C8H6, 52-53 cm -25.9 -26.0 -26.0 0.2 0.2 0.3 
967C8H6, 57-58 cm -23.6 -24.3 -24.5 0.2 0.2 0.3 
967C8H6, 62-63 cm -24.9 -24.8 -24.7 0.2 0.2 0.2 
967C8H6, 67-68 cm -26.2 -25.2 -25.3 0.3 0.2 0.2 
967C8H6, 72-73 cm nd -24.4 -24.5 nd 0.2 0.2 
967C8H6, 77-78 cm nd -25.2 -24.5 nd 0.2 0.3 
967C8H6, 82-83 cm -26.0 -25.3 -25.7 0.3 0.3 0.3 
967C8H6, 87-88 cm -26.2 -25.6 -26.6 0.3 0.3 0.3 
967C8H7, 71-72 cm nd nd nd nd nd nd 
967C8H6, 92-93 cm -27.1 -26.3 -27.5 0.2 0.2 0.3 
967C8H7, 67-68 cm nd nd nd nd nd nd 
967C9H1, 17-18 cm nd nd nd nd nd nd 
967C8H6, 97-98 cm -25.1 -25.3 -26.7 0.2 0.2 0.3 
967C8H7, 62-63 cm nd nd nd nd nd nd 
967C8H6, 102-103 cm nd nd nd nd nd nd 
967C9H1, 12-13 cm nd nd nd nd nd nd 
967C8H6, 107-108 cm nd -25.5 -25.8 nd 0.3 0.3 
967C8H7, 57-58 cm nd nd nd nd nd nd 
967C9H1, 7-8 cm nd nd nd nd nd nd 
967C8H6, 112-113 cm nd nd nd nd nd nd 
967C8H7, 52-53 cm nd nd nd nd nd nd 
967C9H1, 2-3 cm nd nd nd nd nd nd 
967C8H6, 117-118 cm nd nd nd nd nd nd 
967C8H6, 122-123 cm -26.2 -25.6 -27.5 0.3 0.3 0.3 
967C8H6, 127-128 cm nd nd nd nd nd nd 
967C8H6, 132-133 cm nd -25.3 -24.9 nd 0.3 0.3 
967C8H6, 137-138 cm -26.3 -24.7 -24.5 0.3 0.2 0.2 
967C8H6, 142-143 cm nd nd nd nd nd nd 
967C8H6, 147-148 cm nd nd nd nd nd nd 
967C8H7, 2-3 cm -26.6 -25.0 -25.3 0.3 0.2 0.3 
967C8H7, 7-8 cm -26.1 -25.6 nd 0.2 0.2 nd 
967C8H7, 12-13 cm nd nd nd nd nd nd 
967C8H7, 17-18 cm nd nd nd nd nd nd 
	 163	
967C8H7, 22-23 cm nd nd nd nd nd nd 
967C8H7, 27-28 cm nd nd nd nd nd nd 
967C8H7, 32-33 cm nd nd nd nd nd nd 
967C8H7, 37-38 cm nd nd nd nd nd nd 
967C8H7, 42-43 cm nd nd nd nd nd nd 




Table A2.3 Sample hydrogen isotope data 
 
   δD (VSMOW)     sd   Sample C26 C28 C30 C26 C28 C30 
967B6H3, 92-93 cm nd nd nd nd nd nd 
967B6H3, 97-98 cm nd nd nd nd nd nd 
967B6H3, 102-103 cm nd nd nd nd nd nd 
967B6H3, 107-108 cm nd nd nd nd nd nd 
967B6H3, 112-113 cm nd nd nd nd nd nd 
967B6H3, 117-118 cm nd nd nd nd nd nd 
967B6H3, 122-123 cm nd nd nd nd nd nd 
967B6H3, 127-128 cm nd nd nd nd nd nd 
967B6H3, 132-133 cm nd nd nd nd nd nd 
967B6H3, 137-138 cm nd nd nd nd nd nd 
967B6H3, 142-143 cm nd nd nd nd nd nd 
967B6H3, 147-148 cm nd nd nd nd nd nd 
967B6H4, 2-3 cm nd nd nd nd nd nd 
967B6H4, 7-8 cm nd nd nd nd nd nd 
967B6H4, 12-13 cm nd nd nd nd nd nd 
967B6H4, 17-18 cm nd nd nd nd nd nd 
967B6H4, 22-23 cm nd nd nd nd nd nd 
967B6H4, 27-28 cm nd nd nd nd nd nd 
967B6H4, 32-33 cm nd nd nd nd nd nd 
967B6H4, 37-38 cm nd nd nd nd nd nd 
967B6H4, 42-43 cm nd nd nd nd nd nd 
967B6H4, 47-48 cm -128.3 -123.2 -130.3 5.0 4.8 5.0 
967B6H4, 52-53 cm -122.3 -119.5 -121.6 5.0 4.8 5.1 
967B6H4, 57-58 cm -121.9 -118.2 -122.9 5.0 4.8 5.1 
967B6H4, 62-63 cm nd nd nd nd nd nd 
967B6H4, 67-68 cm nd nd nd nd nd nd 
967B6H4, 72-73 cm nd nd nd nd nd nd 
967B6H4, 77-78 cm nd nd nd nd nd nd 
967B6H4, 82-83 cm nd nd nd nd nd nd 
967B6H4, 87-88 cm nd nd nd nd nd nd 
967B6H4, 92-93 cm nd nd nd nd nd nd 
967B6H4, 97-98 cm nd nd nd nd nd nd 
967B6H4, 102-103 cm nd nd nd nd nd nd 
967B6H4, 107-108 cm -136.8 -137.1 nd 4.9 4.7 nd 
967B6H4, 112-113 cm nd nd nd nd nd nd 
967B6H4, 117-118 cm nd nd nd nd nd nd 
967B6H4, 122-123 cm nd -114.7 nd nd 5.2 nd 
967B6H4, 127-128 cm nd -124.9 nd nd 5.2 nd 
967B6H4, 132-133 cm nd nd nd nd nd nd 
967B6H4, 137-138 cm -136.3 -136.9 -144.8 4.9 4.7 5.0 
967B6H4, 142-143 cm -129.2 -126.7 nd 4.8 4.6 nd 
	 165	
967B6H4, 147-148 cm -134.5 -133.2 nd 4.9 4.7 nd 
967B6H5, 2-3 cm nd nd nd nd nd nd 
967B6H5, 7-8 cm nd nd nd nd nd nd 
967B6H5, 12-13 cm -147.0 -131.3 -142.9 4.5 4.5 4.5 
967B6H5, 17-18 cm -121.7 -122.2 -131.6 5.6 5.2 5.7 
967B6H5, 22-23 cm -121.9 -127.3 -129.1 5.0 4.8 5.7 
967B6H5, 27-28 cm nd nd nd nd nd nd 
967B6H5, 32-33 cm nd -126.3 -133.5 nd 4.8 5.0 
967B6H5, 37-38 cm -135.0 -131.3 -135.2 5.6 5.1 5.6 
967B6H5, 42-43 cm nd nd nd nd nd nd 
967B6H5, 47-48 cm -139.5 -142.8 nd 4.9 4.7 nd 
967B6H5, 52-53 cm nd nd nd nd nd nd 
967B6H5, 57-58 cm nd nd nd nd nd nd 
967B6H5, 62-63 cm -147.2 -126.9 nd 5.5 4.8 nd 
967B6H5, 67-68 cm nd nd nd nd nd nd 
967B6H5, 72-73 cm nd nd nd nd nd nd 
967B6H5, 77-78 cm nd nd nd nd nd nd 
967B6H5, 82-83 cm nd -116.0 -115.5 nd 4.8 5.1 
967B6H5, 87-88 cm nd nd nd nd nd nd 
967B6H5, 92-93 cm nd nd nd nd nd nd 
967B6H5, 97-98 cm nd nd nd nd nd nd 
967B6H5, 102-103 cm nd nd nd nd nd nd 
967B6H5, 107-108 cm nd nd nd nd nd nd 
967B6H5, 112-113 cm nd nd nd nd nd nd 
967B6H5, 117-118 cm nd nd nd nd nd nd 
967B6H5, 122-123 cm nd nd nd nd nd nd 
967B6H5, 127-128 cm nd nd nd nd nd nd 
967B6H5, 132-133 cm nd nd nd nd nd nd 
967B6H5, 137-138 cm nd nd nd nd nd nd 
967C6H2, 2-3 cm nd nd nd nd nd nd 
967B6H5, 142-143 cm nd nd nd nd nd nd 
967B6H5, 147-148 cm nd nd nd nd nd nd 
967C6H2, 7-8 cm nd nd nd nd nd nd 
967C6H2, 12-13 cm nd nd nd nd nd nd 
967C6H2, 17-18 cm nd nd nd nd nd nd 
967C6H2, 22-23 cm nd nd nd nd nd nd 
967C6H2, 27-28 cm nd nd nd nd nd nd 
967C6H2, 47-48 cm nd nd nd nd nd nd 
967C6H2, 52-53 cm nd nd nd nd nd nd 
967C6H2, 57-58 cm nd nd nd nd nd nd 
967C6H2, 62-63 cm nd nd nd nd nd nd 
967C6H2, 67-68 cm nd nd nd nd nd nd 
967C6H2, 72-73 cm nd nd nd nd nd nd 
967C6H2, 77-78 cm nd nd nd nd nd nd 
967C6H2, 82-83 cm nd nd nd nd nd nd 
967C6H2, 87-88 cm -152.1 -143.2 -148.0 4.9 4.7 4.9 
	 166	
967C6H2, 92-93 cm -150.5 -140.7 -148.1 4.7 4.5 4.7 
967C6H2, 97-98 cm -131.4 -131.8 nd 4.7 5.1 nd 
967C6H2, 102-103 cm -135.1 -124.0 -130.8 4.7 4.6 4.8 
967C6H2, 107-108 cm nd nd nd nd nd nd 
967C6H2, 112-113 cm nd nd nd nd nd nd 
967C6H2, 117-118 cm nd nd nd nd nd nd 
967C6H2, 122-123 cm nd nd nd nd nd nd 
967C6H2, 127-128 cm nd nd nd nd nd nd 
967C6H2, 132-133 cm -138.7 -150.7 -143.8 4.9 4.6 5.0 
967C6H2, 137-138 cm -151.3 -149.7 -152.6 5.5 5.1 5.6 
967C6H2, 142-143 cm -162.6 -149.7 -160.4 5.5 5.1 5.5 
967C6H2, 147-148 cm -170.2 -150.2 -152.7 5.4 5.1 5.6 
967C6H3, 2-3 cm -128.9 -130.2 nd 5.0 4.7 nd 
967C6H3, 7-8 cm nd nd nd nd nd nd 
967C6H3, 12-13 cm nd nd nd nd nd nd 
967C6H3, 17-18 cm nd nd nd nd nd nd 
967C6H3, 22-23 cm nd nd nd nd nd nd 
967C6H3, 27-28 cm nd nd nd nd nd nd 
967C6H3, 32-33 cm nd nd nd nd nd nd 
967C6H3, 37-38 cm nd nd nd nd nd nd 
967C6H3, 42-43 cm nd nd nd nd nd nd 
967C6H3, 47-48 cm nd nd nd nd nd nd 
967C6H3, 52-53 cm nd nd nd nd nd nd 
967C6H3, 57-58 cm nd nd nd nd nd nd 
967C6H3, 62-63 cm nd nd nd nd nd nd 
967C6H3, 67-68 cm nd nd nd nd nd nd 
967C6H3, 72-73 cm nd nd nd nd nd nd 
967C6H3, 77-78 cm nd nd nd nd nd nd 
967C6H3, 82-83 cm nd nd nd nd nd nd 
967C6H3, 87-88 cm nd nd nd nd nd nd 
967C6H3, 92-93 cm nd nd nd nd nd nd 
967C6H3, 97-98 cm nd nd nd nd nd nd 
967B9H5, 35-36 cm nd nd nd nd nd nd 
967B9H5, 40-41 cm nd nd nd nd nd nd 
967B9H5, 45-46 cm nd nd nd nd nd nd 
967B9H5, 50-51 cm nd nd nd nd nd nd 
967B9H5, 55-56 cm nd nd nd nd nd nd 
967B9H5, 60-61 cm nd nd nd nd nd nd 
967B9H5, 65-66 cm nd nd nd nd nd nd 
967C8H4, 22-23 cm nd nd nd nd nd nd 
967C8H4, 27-28 cm nd nd nd nd nd nd 
967C8H4, 32-33 cm nd nd nd nd nd nd 
967C8H4, 37-38 cm nd nd nd nd nd nd 
967C8H4, 42-43 cm nd nd nd nd nd nd 
967C8H4, 47-48 cm nd nd nd nd nd nd 
967C8H4, 52-53 cm nd nd nd nd nd nd 
	 167	
967C8H4, 57-58 cm nd nd nd nd nd nd 
967C8H4, 62-63 cm nd nd nd nd nd nd 
967C8H4, 67-68 cm nd nd nd nd nd nd 
967C8H4, 72-73 cm nd nd nd nd nd nd 
967C8H4, 77-78 cm nd nd nd nd nd nd 
967C8H4, 82-83 cm nd nd nd nd nd nd 
967C8H4, 87-88 cm nd nd nd nd nd nd 
967C8H4, 92-93 cm nd nd nd nd nd nd 
967C8H4, 97-98 cm nd nd nd nd nd nd 
967C8H4, 102-103 cm nd nd nd nd nd nd 
967C8H4, 107-108 cm nd nd nd nd nd nd 
967C8H4, 112-113 cm nd nd nd nd nd nd 
967C8H4, 117-118 cm nd nd nd nd nd nd 
967C8H4, 122-123 cm nd nd nd nd nd nd 
967C8H4, 127-128 cm nd nd nd nd nd nd 
967C8H4, 132-133 cm nd nd nd nd nd nd 
967C8H4, 137-138 cm nd nd nd nd nd nd 
967C8H4, 142-143 cm nd nd nd nd nd nd 
967C8H4, 147-148 cm nd nd nd nd nd nd 
967C8H5, 2-3 cm nd nd nd nd nd nd 
967C8H5, 7-8 cm nd nd nd nd nd nd 
967C8H5, 12-13 cm nd nd nd nd nd nd 
967C8H5, 17-18 cm nd nd nd nd nd nd 
967C8H5, 22-23 cm nd nd nd nd nd nd 
967C8H5, 27-28 cm nd nd nd nd nd nd 
967C8H5, 32-33 cm nd nd nd nd nd nd 
967C8H5, 37-38 cm nd nd nd nd nd nd 
967C8H5, 42-43 cm nd nd nd nd nd nd 
967C8H5, 47-48 cm nd nd nd nd nd nd 
967C8H5, 52-53 cm nd nd nd nd nd nd 
967C8H5, 57-58 cm nd nd nd nd nd nd 
967C8H5, 62-63 cm nd nd nd nd nd nd 
967C8H5, 67-68 cm nd nd nd nd nd nd 
967C8H5, 72-73 cm nd nd nd nd nd nd 
967C8H5, 77-78 cm nd nd nd nd nd nd 
967C8H5, 82-83 cm nd nd nd nd nd nd 
967C8H5, 87-88 cm -133.4 -125.1 -137.4 5.0 4.8 5.0 
967C8H5, 92-93 cm -135.6 -122.8 -133.8 4.6 4.6 5.6 
967C8H5, 97-98 cm nd nd nd nd nd nd 
967C8H5, 102-103 cm nd nd nd nd nd nd 
967C8H5, 107-108 cm -128.2 -121.5 nd 5.6 5.2 nd 
967C8H5, 112-113 cm -133.1 -128.4 -147.0 4.6 4.5 4.9 
967C8H5, 117-118 cm -128.0 -116.8 nd 4.5 5.2 nd 
967C8H5, 122-123 cm nd nd nd nd nd nd 
967C8H5, 127-128 cm nd -117.3 nd nd 5.2 nd 
967C8H5, 132-133 cm nd nd nd nd nd nd 
	 168	
967C8H5, 137-138 cm nd nd nd nd nd nd 
967C8H5, 142-143 cm nd -120.1 nd nd 5.2 nd 
967C8H5, 147-148 cm nd nd nd nd nd nd 
967C8H6, 2-3 cm -137.3 -131.2 -165.2 4.5 4.4 4.5 
967C8H6, 7-8 cm -140.0 -132.8 -162.8 4.3 4.3 4.5 
967C8H6, 12-13 cm -136.9 -128.5 -149.5 4.7 4.6 4.7 
967C8H6, 17-18 cm -122.0 -117.4 -120.8 5.0 4.8 5.7 
967C8H6, 22-23 cm nd nd nd nd nd nd 
967C8H6, 27-28 cm -131.6 -125.1 -133.7 5.6 5.2 5.6 
967C8H6, 32-33 cm -125.1 -123.9 -129.9 5.0 4.8 5.0 
967C8H6, 37-38 cm -118.9 -130.5 nd 5.6 5.2 nd 
967C8H6, 42-43 cm -121.8 -134.2 nd 4.7 4.5 nd 
967C8H6, 46-47 cm -139.5 -145.4 -155.6 4.9 4.7 4.6 
967C8H6, 52-53 cm -137.6 -139.8 -163.0 4.4 4.4 4.9 
967C8H6, 57-58 cm -137.1 -126.8 -131.8 4.7 4.6 5.0 
967C8H6, 62-63 cm -127.4 -120.7 -128.4 5.0 4.8 5.0 
967C8H6, 67-68 cm -123.4 -120.6 -124.4 5.6 4.8 5.0 
967C8H6, 72-73 cm nd -119.7 nd nd 5.2 nd 
967C8H6, 77-78 cm -128.7 -130.7 -136.1 5.0 4.7 5.0 
967C8H6, 82-83 cm -131.7 -127.2 -141.5 4.5 4.5 4.5 
967C8H6, 87-88 cm nd nd nd nd nd nd 
967C8H7, 71-72 cm nd nd nd nd nd nd 
967C8H6, 92-93 cm -142.6 -133.0 -144.8 4.7 4.6 4.7 
967C8H7, 67-68 cm nd nd nd nd nd nd 
967C9H1, 17-18 cm nd nd nd nd nd nd 
967C8H6, 97-98 cm -137.7 -128.7 -139.8 4.9 4.7 5.0 
967C8H7, 62-63 cm nd nd nd nd nd nd 
967C8H6, 102-103 cm nd nd nd nd nd nd 
967C9H1, 12-13 cm nd nd nd nd nd nd 
967C8H6, 107-108 cm nd -114.8 -119.5 nd 5.2 5.7 
967C8H7, 57-58 cm nd nd nd nd nd nd 
967C9H1, 7-8 cm nd nd nd nd nd nd 
967C8H6, 112-113 cm nd -124.6 -123.0 nd 4.8 5.7 
967C8H7, 52-53 cm nd nd nd nd nd nd 
967C9H1, 2-3 cm nd nd nd nd nd nd 
967C8H6, 117-118 cm nd nd nd nd nd nd 
967C8H6, 122-123 cm -130.8 -124.3 -130.0 4.7 4.6 4.8 
967C8H6, 127-128 cm nd -127.1 -135.4 nd 5.2 5.6 
967C8H6, 132-133 cm nd -135.8 nd nd 4.7 nd 
967C8H6, 137-138 cm nd -123.7 -128.5 nd 5.2 5.7 
967C8H6, 142-143 cm nd nd nd nd nd nd 
967C8H6, 147-148 cm nd nd nd nd nd nd 
967C8H7, 2-3 cm nd nd nd nd nd nd 
967C8H7, 7-8 cm nd nd nd nd nd nd 
967C8H7, 12-13 cm nd nd nd nd nd nd 
967C8H7, 17-18 cm nd nd nd nd nd nd 
	 169	
967C8H7, 22-23 cm nd nd nd nd nd nd 
967C8H7, 27-28 cm nd nd nd nd nd nd 
967C8H7, 32-33 cm nd nd nd nd nd nd 
967C8H7, 37-38 cm nd nd nd nd nd nd 
967C8H7, 42-43 cm nd nd nd nd nd nd 




Table A2.4 C4 abundance, ε landscape, δDwater calculations; foraminifera 
(G. ruber) carbon and oxygen isotope data  
 
Sample C28 %C4 ε landscape C28 δDwater δ13Cruber δ18Oruber 
967B6H3, 92-93 cm nd nd nd 0.94 0.36 
967B6H3, 97-98 cm nd nd nd 0.98 0.95 
967B6H3, 102-103 cm nd nd nd nd nd 
967B6H3, 107-108 cm nd nd nd nd nd 
967B6H3, 112-113 cm nd nd nd 1.21 0.94 
967B6H3, 117-118 cm nd nd nd 1.35 0.67 
967B6H3, 122-123 cm nd nd nd 1.43 1.63 
967B6H3, 127-128 cm nd nd nd 0.98 0.40 
967B6H3, 132-133 cm nd nd nd 1.61 0.95 
967B6H3, 137-138 cm nd nd nd 1.29 0.81 
967B6H3, 142-143 cm nd nd nd nd nd 
967B6H3, 147-148 cm nd nd nd 1.11 0.10 
967B6H4, 2-3 cm nd nd nd 1.26 -0.08 
967B6H4, 7-8 cm nd nd nd 1.07 -0.06 
967B6H4, 12-13 cm nd nd nd 0.85 -0.46 
967B6H4, 17-18 cm nd nd nd 1.05 -0.08 
967B6H4, 22-23 cm nd nd nd 1.27 -0.68 
967B6H4, 27-28 cm 55.9 -109.6 nd 0.87 0.08 
967B6H4, 32-33 cm nd nd nd 0.59 0.04 
967B6H4, 37-38 cm nd nd nd 0.79 -0.25 
967B6H4, 42-43 cm nd nd nd 0.74 -0.23 
967B6H4, 47-48 cm 72.9 -114.4 -12.2 0.88 -0.40 
967B6H4, 52-53 cm 77.0 -115.6 -6.9 0.73 0.57 
967B6H4, 57-58 cm 76.3 -115.4 -5.7 0.71 -0.21 
967B6H4, 62-63 cm 73.4 -114.6 nd 1.18 1.13 
967B6H4, 67-68 cm 76.7 -115.5 nd 0.78 1.70 
967B6H4, 72-73 cm nd nd nd 0.70 2.01 
967B6H4, 77-78 cm nd nd nd 0.93 1.59 
967B6H4, 82-83 cm nd nd nd 0.72 0.95 
967B6H4, 87-88 cm 72.4 -114.3 nd 0.81 1.25 
967B6H4, 92-93 cm nd nd nd 1.11 1.14 
967B6H4, 97-98 cm 60.7 -111.0 nd 1.38 1.53 
967B6H4, 102-103 cm nd nd nd 0.81 0.56 
967B6H4, 107-108 cm 61.9 -111.3 -30.5 0.73 -0.25 
967B6H4, 112-113 cm 62.9 -111.6 nd 0.96 1.24 
967B6H4, 117-118 cm 63.2 -111.7 nd 0.75 1.67 
967B6H4, 122-123 cm 66.6 -112.7 -4.6 1.11 1.03 
967B6H4, 127-128 cm 64.6 -112.1 -16.9 0.91 1.07 
967B6H4, 132-133 cm 67.3 -112.8 nd 1.02 0.74 
967B6H4, 137-138 cm 73.4 -114.6 -27.5 0.91 0.49 
967B6H4, 142-143 cm 52.3 -108.7 -23.0 0.82 1.61 
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967B6H4, 147-148 cm 49.8 -107.9 -30.3 nd nd 
967B6H5, 2-3 cm nd nd nd nd nd 
967B6H5, 7-8 cm nd nd nd nd nd 
967B6H5, 12-13 cm 71.0 -113.9 -21.7 0.80 -0.65 
967B6H5, 17-18 cm 63.7 -111.8 -13.7 0.72 0.58 
967B6H5, 22-23 cm 70.5 -113.8 -18.9 0.30 0.30 
967B6H5, 27-28 cm 76.4 -115.4 nd 0.63 1.02 
967B6H5, 32-33 cm 73.6 -114.6 -17.4 1.07 1.05 
967B6H5, 37-38 cm 77.4 -115.7 -21.3 1.37 1.43 
967B6H5, 42-43 cm 74.7 -114.9 nd 1.17 2.03 
967B6H5, 47-48 cm 58.6 -110.4 -38.6 1.42 1.61 
967B6H5, 52-53 cm 59.6 -110.7 nd 0.71 1.41 
967B6H5, 57-58 cm nd nd nd 1.14 0.09 
967B6H5, 62-63 cm 67.2 -112.8 -17.5 1.51 -0.41 
967B6H5, 67-68 cm nd nd nd 1.05 -0.20 
967B6H5, 72-73 cm nd nd nd 0.82 0.40 
967B6H5, 77-78 cm nd nd nd 1.19 -0.17 
967B6H5, 82-83 cm 74.5 -114.8 -2.5 0.89 0.45 
967B6H5, 87-88 cm nd nd nd nd nd 
967B6H5, 92-93 cm 68.2 -113.1 nd 1.03 -0.03 
967B6H5, 97-98 cm nd nd nd 0.97 0.64 
967B6H5, 102-103 cm nd nd nd 0.80 0.51 
967B6H5, 107-108 cm nd nd nd 0.95 -0.13 
967B6H5, 112-113 cm nd nd nd 1.29 -0.79 
967B6H5, 117-118 cm nd nd nd 0.89 0.49 
967B6H5, 122-123 cm nd nd nd 0.94 0.32 
967B6H5, 127-128 cm nd nd nd 0.84 0.25 
967B6H5, 132-133 cm nd nd nd 1.28 1.32 
967B6H5, 137-138 cm nd nd nd 1.39 1.13 
967C6H2, 2-3 cm nd nd nd 1.18 1.22 
967B6H5, 142-143 cm nd nd nd 1.15 1.27 
967B6H5, 147-148 cm nd nd nd 1.06 0.58 
967C6H2, 7-8 cm nd nd nd 1.36 0.85 
967C6H2, 12-13 cm nd nd nd 1.12 0.60 
967C6H2, 17-18 cm nd nd nd 1.00 0.31 
967C6H2, 22-23 cm nd nd nd 1.51 0.57 
967C6H2, 27-28 cm nd nd nd 1.39 0.37 
967C6H2, 47-48 cm nd nd nd 1.63 0.53 
967C6H2, 52-53 cm nd nd nd 1.40 0.36 
967C6H2, 57-58 cm nd nd nd 1.09 0.14 
967C6H2, 62-63 cm nd nd nd 1.31 0.19 
967C6H2, 67-68 cm nd nd nd 1.23 0.30 
967C6H2, 72-73 cm nd nd nd 1.53 0.55 
967C6H2, 77-78 cm nd nd nd 1.16 0.06 
967C6H2, 82-83 cm nd nd nd 1.23 0.43 
967C6H2, 87-88 cm 66.1 -112.5 -36.0 1.01 0.11 
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967C6H2, 92-93 cm nd nd nd 1.30 0.73 
967C6H2, 97-98 cm nd nd nd 1.39 0.58 
967C6H2, 102-103 cm nd nd nd 1.24 0.10 
967C6H2, 107-108 cm nd nd nd 0.89 0.56 
967C6H2, 112-113 cm nd nd nd 1.28 0.64 
967C6H2, 117-118 cm nd nd nd 1.33 0.53 
967C6H2, 122-123 cm nd nd nd 1.30 0.02 
967C6H2, 127-128 cm nd nd nd 1.48 0.18 
967C6H2, 132-133 cm nd nd nd 1.30 0.64 
967C6H2, 137-138 cm nd nd nd 1.73 0.11 
967C6H2, 142-143 cm nd nd nd nd nd 
967C6H2, 147-148 cm nd nd nd nd nd 
967C6H3, 2-3 cm nd nd nd 1.45 -1.11 
967C6H3, 7-8 cm nd nd nd 1.04 -0.04 
967C6H3, 12-13 cm nd nd nd 1.57 0.18 
967C6H3, 17-18 cm nd nd nd nd nd 
967C6H3, 22-23 cm nd nd nd 1.47 0.54 
967C6H3, 27-28 cm nd nd nd 1.34 0.38 
967C6H3, 32-33 cm nd nd nd nd nd 
967C6H3, 37-38 cm nd nd nd 0.47 -1.89 
967C6H3, 42-43 cm nd nd nd 1.28 -0.66 
967C6H3, 47-48 cm nd nd nd 1.04 -0.49 
967C6H3, 52-53 cm nd nd nd 1.49 -0.32 
967C6H3, 57-58 cm nd nd nd 0.93 -0.26 
967C6H3, 62-63 cm nd nd nd 1.20 0.14 
967C6H3, 67-68 cm nd nd nd 1.30 -0.17 
967C6H3, 72-73 cm nd nd nd 0.92 -0.33 
967C6H3, 77-78 cm nd nd nd 1.46 -0.36 
967C6H3, 82-83 cm nd nd nd 1.17 -0.30 
967C6H3, 87-88 cm nd nd nd 1.70 -0.76 
967C6H3, 92-93 cm nd nd nd 1.41 -0.51 
967C6H3, 97-98 cm nd nd nd 1.35 -0.45 
967B9H5, 35-36 cm nd nd nd 1.20 -0.04 
967B9H5, 40-41 cm nd nd nd 1.49 0.01 
967B9H5, 45-46 cm nd nd nd 1.71 0.11 
967B9H5, 50-51 cm nd nd nd 1.28 0.29 
967B9H5, 55-56 cm nd nd nd 1.39 -0.24 
967B9H5, 60-61 cm nd nd nd 1.50 -0.12 
967B9H5, 65-66 cm nd nd nd 1.60 -0.05 
967C8H4, 22-23 cm nd nd nd 1.39 -0.52 
967C8H4, 27-28 cm nd nd nd 0.64 0.73 
967C8H4, 32-33 cm nd nd nd 0.25 -1.83 
967C8H4, 37-38 cm nd nd nd 1.21 -1.49 
967C8H4, 42-43 cm nd nd nd 0.86 -0.54 
967C8H4, 47-48 cm nd nd nd 1.35 -0.81 
967C8H4, 52-53 cm nd nd nd 1.00 -0.59 
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967C8H4, 57-58 cm nd nd nd 1.23 -0.46 
967C8H4, 62-63 cm nd nd nd 1.24 -0.28 
967C8H4, 67-68 cm nd nd nd 0.76 -0.59 
967C8H4, 72-73 cm nd nd nd 0.48 -1.34 
967C8H4, 77-78 cm nd nd nd 1.28 -0.66 
967C8H4, 82-83 cm nd nd nd 1.14 -0.24 
967C8H4, 87-88 cm nd nd nd 1.13 0.52 
967C8H4, 92-93 cm nd nd nd 1.08 0.07 
967C8H4, 97-98 cm nd nd nd 1.11 -0.32 
967C8H4, 102-103 cm nd nd nd 1.18 0.13 
967C8H4, 107-108 cm nd nd nd 1.43 -0.33 
967C8H4, 112-113 cm nd nd nd 1.05 0.36 
967C8H4, 117-118 cm nd nd nd 1.01 -0.14 
967C8H4, 122-123 cm nd nd nd nd nd 
967C8H4, 127-128 cm nd nd nd nd nd 
967C8H4, 132-133 cm nd nd nd 1.33 -0.72 
967C8H4, 137-138 cm nd nd nd 1.59 -0.57 
967C8H4, 142-143 cm nd nd nd 1.51 -0.18 
967C8H4, 147-148 cm nd nd nd 1.40 -0.01 
967C8H5, 2-3 cm nd nd nd 0.95 -0.41 
967C8H5, 7-8 cm nd nd nd 1.28 -0.16 
967C8H5, 12-13 cm nd nd nd 1.08 -0.35 
967C8H5, 17-18 cm nd nd nd 0.31 -2.67 
967C8H5, 22-23 cm nd nd nd 0.75 -1.01 
967C8H5, 27-28 cm nd nd nd 1.01 -1.64 
967C8H5, 32-33 cm nd nd nd 0.98 -0.83 
967C8H5, 37-38 cm nd nd nd 1.30 -0.01 
967C8H5, 42-43 cm nd nd nd 1.16 -0.45 
967C8H5, 47-48 cm nd nd nd 1.40 -0.03 
967C8H5, 52-53 cm nd nd nd 1.11 -0.35 
967C8H5, 57-58 cm nd nd nd 1.00 0.10 
967C8H5, 62-63 cm nd nd nd 1.38 -0.91 
967C8H5, 67-68 cm nd nd nd nd nd 
967C8H5, 72-73 cm nd nd nd 1.40 -0.97 
967C8H5, 77-78 cm nd nd nd 1.20 -0.48 
967C8H5, 82-83 cm nd nd nd 1.17 0.48 
967C8H5, 87-88 cm 63.8 -111.9 -15.7 0.82 -0.71 
967C8H5, 92-93 cm 57.4 -110.1 -15.2 1.10 0.08 
967C8H5, 97-98 cm nd nd nd 1.26 0.07 
967C8H5, 102-103 cm nd nd nd 0.99 -0.16 
967C8H5, 107-108 cm nd nd nd 0.66 0.07 
967C8H5, 112-113 cm 68.0 -113.0 -18.6 0.87 -1.33 
967C8H5, 117-118 cm 69.1 -113.4 -5.2 1.34 -0.47 
967C8H5, 122-123 cm nd nd nd 0.84 0.39 
967C8H5, 127-128 cm nd nd nd 1.19 0.43 
967C8H5, 132-133 cm nd nd nd 1.19 0.34 
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967C8H5, 137-138 cm nd nd nd 1.10 -0.64 
967C8H5, 142-143 cm nd nd nd 1.15 -0.07 
967C8H5, 147-148 cm nd nd nd 0.92 0.00 
967C8H6, 2-3 cm 64.2 -112.0 -21.1 nd nd 
967C8H6, 7-8 cm 70.8 -113.8 -21.2 nd nd 
967C8H6, 12-13 cm 68.4 -113.1 -17.3 0.64 -1.24 
967C8H6, 17-18 cm 64.5 -112.1 -6.2 1.15 -1.20 
967C8H6, 22-23 cm nd nd nd 1.11 -0.92 
967C8H6, 27-28 cm 68.3 -113.1 -13.9 0.98 0.14 
967C8H6, 32-33 cm 69.0 -113.3 -12.4 0.98 0.03 
967C8H6, 37-38 cm nd nd nd nd nd 
967C8H6, 42-43 cm 52.2 -108.6 -28.3 0.84 -0.76 
967C8H6, 46-47 cm 55.3 -109.5 -39.7 nd nd 
967C8H6, 52-53 cm 61.9 -111.3 -30.9 nd nd 
967C8H6, 57-58 cm 73.5 -114.6 -12.8 1.78 -1.75 
967C8H6, 62-63 cm 70.5 -113.7 -7.1 1.78 -1.40 
967C8H6, 67-68 cm 67.6 -112.9 -7.9 1.23 0.17 
967C8H6, 72-73 cm 73.0 -114.4 -5.3 1.16 0.06 
967C8H6, 77-78 cm 67.6 -112.9 -19.5 1.15 -0.28 
967C8H6, 82-83 cm 66.9 -112.7 -15.7 1.29 -0.73 
967C8H6, 87-88 cm 64.7 -112.1 nd nd nd 
967C8H7, 71-72 cm nd nd nd 1.14 -0.21 
967C8H6, 92-93 cm 59.9 -110.8 -24.1 nd nd 
967C8H7, 67-68 cm nd nd nd 1.02 0.00 
967C9H1, 17-18 cm nd nd nd nd nd 
967C8H6, 97-98 cm 66.7 -112.7 -16.9 1.94 -0.85 
967C8H7, 62-63 cm nd nd nd 0.76 -0.30 
967C8H6, 102-103 cm nd nd nd 1.16 -0.74 
967C9H1, 12-13 cm nd nd nd nd nd 
967C8H6, 107-108 cm 65.6 -112.4 -2.2 1.50 0.05 
967C8H7, 57-58 cm nd nd nd 0.45 -0.68 
967C9H1, 7-8 cm nd nd nd nd nd 
967C8H6, 112-113 cm nd nd nd 1.30 0.02 
967C8H7, 52-53 cm nd nd nd 1.16 -1.00 
967C9H1, 2-3 cm nd nd nd nd nd 
967C8H6, 117-118 cm nd nd nd 1.22 0.28 
967C8H6, 122-123 cm 64.8 -112.2 -13.5 1.06 -0.28 
967C8H6, 127-128 cm nd nd nd 0.95 -1.05 
967C8H6, 132-133 cm 67.0 -112.8 -25.4 0.89 -0.96 
967C8H6, 137-138 cm 71.0 -113.9 -10.3 1.19 -0.96 
967C8H6, 142-143 cm nd nd nd 1.06 -0.85 
967C8H6, 147-148 cm nd nd nd 0.98 -1.33 
967C8H7, 2-3 cm 69.1 -113.3 nd 1.01 -0.96 
967C8H7, 7-8 cm 64.8 -112.1 nd 0.80 -0.82 
967C8H7, 12-13 cm nd nd nd 0.97 0.50 
967C8H7, 17-18 cm nd nd nd 0.99 0.29 
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967C8H7, 22-23 cm nd nd nd 0.99 0.01 
967C8H7, 27-28 cm nd nd nd 0.66 -0.34 
967C8H7, 32-33 cm nd nd nd 0.80 -0.28 
967C8H7, 37-38 cm nd nd nd 0.56 -0.49 
967C8H7, 42-43 cm nd nd nd 0.64 -0.32 




Appendix 3: Chapter 4 Data 
 
Table A3.1 Depths, Ages, Sample Fatty Acid Methyl Ester 









967B1H1, 107-127 cm 1.07 1.11 0.008 340 
967A2H1, 143.5-150 cm 10.74 11.50 0.213 114 
967A2H2, 0-30 cm 10.80 11.55 0.217 235 
967C2H5, 99-102 cm 16.49 17.99 0.407 158 
967B3H5, 81-93 cm 21.61 23.38 0.596 653 
967B4H2, 25-30 cm 26.05 28.81 0.804 11 
967B4H5, 19-22 cm 30.49 33.24 0.958 691 
967B5H1, 0-6 cm 33.80 37.08 1.113 2744 
967C5H1, 60-65 cm 38.60 42.74 1.314 1575 
967B5H5, 82-99 cm 40.62 43.86 1.356 2226 
967C5H6, 47-49 cm 45.97 50.57 1.622 126 
967C6H3, 33-40 cm 50.83 56.03 1.872 2430 
967B8H2, 133-138 cm 65.13 70.95 2.252 302 
967B8H4, 123-128 cm 68.03 73.93 2.383 10 
967C7H7, 0-8 cm 66.00 79.52 2.611 1535 
967C8H3, 113-127 cm 70.63 85.74 2.871 782 
967B9H8, 30-35 cm 81.77 91.78 3.139 3169 
966A5H2, 117-129 cm 36.97 44.14 3.037 218 
966A5H4, 67-78 cm 39.47 46.74 3.194 441 
966A5H7, 40-47 cm 43.70 50.72 3.437 57 
966D7H2, 5-10 cm 52.55 57.63 3.839 666 
966A6H4, 19-23 cm 48.49 58.01 3.860 308 
966A6H8, 10-21 cm 53.55 65.66 4.349 72 











(VSMOW) sd C28 % C4 
967B1H1, 107-127 cm -26.7 0.10 -135.4 4.7 59.1 
967A2H1, 143.5-150 cm -25.9 0.15 -130.1 3.6 64.7 
967A2H2, 0-30 cm -24.7 0.15 -126.8 3.7 72.8 
967C2H5, 99-102 cm -27.1 0.13 -134.1 3.6 56.9 
967B3H5, 81-93 cm -25.5 0.18 -135.3 3.7 67.7 
967B4H2, 25-30 cm -23.4 0.18 nd nd 81.8 
967B4H5, 19-22 cm -25.3 0.18 -139.0 3.7 68.8 
967B5H1, 0-6 cm -26.5 0.18 -155.2 3.4 60.6 
967C5H1, 60-65 cm -25.2 0.18 -141.8 3.7 69.6 
967B5H5, 82-99 cm -25.0 0.18 -148.8 3.6 71.0 
967C5H6, 47-49 cm -25.6 0.15 -131.0 3.7 66.6 
967C6H3, 33-40 cm -25.9 0.18 -150.4 3.6 64.1 
967B8H2, 133-138 cm -25.6 0.25 -159.6 3.5 65.8 
967B8H4, 123-128 cm -24.9 0.25 nd nd 70.1 
967C7H7, 0-8 cm -24.9 0.18 -156.0 3.6 69.9 
967C8H3, 113-127 cm -25.6 0.18 -138.1 3.7 65.3 
967B9H8, 30-35 cm -26.2 0.18 -144.3 3.7 60.6 
966A5H2, 117-129 cm -23.5 0.18 -143.3 3.5 78.8 
966A5H4, 67-78 cm -25.3 0.18 -145.4 3.5 67.0 
966A5H7, 40-47 cm -25.4 0.18 -137.5 3.6 66.3 
966D7H2, 5-10 cm -25.0 0.18 -163.3 3.6 68.2 
966A6H4, 19-23 cm -24.5 0.18 -162.1 3.5 72.0 
966A6H8, 10-21 cm -25.4 0.18 -145.8 3.7 65.3 
966B7H7, 24-31 cm -23.6 0.18 -147.0 3.5 77.6 
 
